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Executive Summary

Workshop Objectives/Goals

On January 25 and 26, 2000, the Department of Energy (DOE) Office of Advanced
Automotive Technologies (OAAT) sponsored a workshop on sensor needs for
automotive fuel cell systems; compression-ignition, direct-injection (CIDI) engines; and
spark-ignition, direct-injection (SIDI) engines. These technologies are being devel oped
by OAAT under the Partnership for a New Generation of Vehicles (PNGV), a
government-industry collaboration to develop vehicles having up to three times the fuel
economy of today’ s mid-size automobiles.

The purpose of the workshop was to draw upon the expertise of the fuel cell development
community, the DI engine community, and sensor researchers and manufacturers to
define the needs and technical targets for sensors, and to aid DOE in identifying and
prioritizing R&D activities in those areas. Sensors enhancing both proton-exchange
membrane (PEM) fuel cell and CIDI/SIDI engine performance were of interest, as well as
those for use in emission control, and for passenger safety. The objectives of the
workshop were to:

o define the requirements for sensors

e establish R&D priorities

e identify the technical targets and technical barriers

« facilitate collaborations among participants

The recommendations from this workshop will be incorporated into the multi-year R&D
plan of the DOE Office of Advanced Automotive Technologies.

Sensor Priorities and Requirements

Following the opening session, the workshop participants were divided into two working
groups - one for fuel cells and one for CIDI/SIDI engines. Each group focused on the
workshop goals identified above. For fuel cell systems, the high priorities are CO sensors
which are needed to prevent fuel cell poisoning and hydrogen sensors for performance
control and safety. For CIDI and SIDI engines, the highest priority isa NO, sensor for
emission control. For CIDI engines, sensors for control of particulate matter (PM)
emissions are a high priority and wide-range oxygen sensors are a medium priority. A
summary of sensor priorities and the technical requirements for each area are given
below. Extended discussion for each sensor can be found later in this document.

SENSORS FOR AUTOMOTIVE PEM FUEL CELL SYSTEMS

Most commercially available sensor technologies have not been designed to operate in a
fuel cell gas environment. The most common sensor design environment is ambient air,
not fuel cell reformate gas streams. The major complaints are that the sensors that do
work to varying degrees of success are too big and costly, and that sensors that are
potentially low cost are not reliable or do not have the required lifetime. In some cases,
neither performance nor cost targets can be met. Extensive research in redesign and
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development is needed for operation in a fuel cell gas environment. Careful testing of
prototype devices in fuel cell stack/fuel processor environments will be needed to
validate the performance of any sensor. Research, development, and validation should be
carried out through careful coordination among industry, national laboratory, and
university sensor researchers, sensor manufacturers, fuel cell system developers, and the
automobile industry. Prioritized sensor needs for proton-exchange membrane fuel cell
systems operating on direct-hydrogen and on reformed fuels are listed in Table 1.

Table 1. Requirements for PEM Fuel Cell System Sensors?

Sensor

Requirements

Carbon Monoxide

a) 1-100 ppm reformate pre-stack sensor

Operational temperature: <150 °C

Response time: 0.1 - 1 sec

Gas environment: high humidity reformer/partial oxidation gas- Hz 30-75%, CO2, CO, Nz, H20 at 1-3
atm total pressure

Accuracy: 1-10 % full scale

b) 100-1000 ppm CO sensors

Operational temperature: 250 °C.

Response time: 0.1 - 1 sec

Gas environment: high humidity reformer/partial oxidation gas-Hz2 30-75%, COz, CO, Nz, H20 at 1-3
atm total pressure

Accuracy: 1-10 % full scale

¢) 0.1-2% CO sensor 250 °C -800 °C

Operational temperature: 250 °C -800 °C.

Response time: 0.1 - 1 sec

Gas environment: high humidity reformer/partial oxidation gas- Hz 30-75%, CO2, CO, Nz, H20 at 1-3
atm total pressure

Accuracy: 1-10 % full scale

Hydrogen in fuel processor
product gas

Measurement range: 1-100%

Operating temperature: 70- 150 °C

Response time: 0.1 -1 sec for 90% response of step function

Gas environment: 1-3 atm total pressure, 10-30 mol % water, total H2 30-75%, COz, N2
Accuracy: 1-10 % full scale

Hydrogen in ambient air
(safety sensor)

Measurement range: 0.1-10%

Temperature range: —30 to 80 °C

Response time: under 1 sec

Accuracy: 5%

Gas environment: ambient air, 10 -98% RH range

Lifetime: 5 years

Selectivity from interference gases such as hydrocarbons is needed

Sulfur compounds
(H2S, SO, organic sulfur)

Operating temperature: <400 °C

Measurement range: 0.05 ppm -0.5 ppm

Response time: <1 min at 0.05 ppm

Gas environment: Hydrogen, carbon monoxide, carbon dioxide, hydrocarbons, water vapor

Flow rate of product gas from
fuel processor

Flow rates: 30 -300 standard liters per minute

Temperature: 80 °C

Gas environment: high humidity reformer/partial oxidation gas: Hz2 30-75%, CO2, N2, H20, CO at 1-3
atm total pressure

Ammonia

Operating temperature: 70-150 °C

Measurement range: 1-10 ppm

Selectivity: <1 ppm from matrix gases

Lifetime: 5-10 years

Response time: seconds

Gas environment: high humidity reformer/partial oxidation gas-Hz , 30-75%, COz, N2, H.0, CO at
1-3 atm total pressure

Temperature

Operating range: -40- 150 °C
Response time: in the —40-100 °C range < 0.5 sec with 1.5% accuracy; in the 100 — 150 °C range,
a response time <1 sec with 2 % accuracy is sufficient

-Vi -




Gas environment: high humidity reformer/partial oxidation gas- Hz 30-75%, CO2, N2, Hz0, CO at 1-
3 atm total pressure
Need to be insensitive to flow velocity

Relative humidity for cathode
and anode gas streams

Operating temperature: 30-110 °C

Relative humidity: 20-100 %

Accuracy: 1%

Gas environment: high humidity reformer/partial oxidation gas- Hz 30-75%, CO2, N2, H20, CO at 1-3
atm total pressure

Oxygen concentration in fuel
processor and at cathode exit

(a) Oxygen sensors for fuel processor reactor control

b) O

Operating temperature: 200-800 °C

Measurement range: 0-20% O

Response time: < 0.5 sec

Accuracy: 2% of full scale

Gas environment: high humidity reformer/partial oxidation gas- Hz 30-75%, CO2, N2, H20, CO at 1-3
atm total pressure
Xygen sensors at the cathode exit

Measurement range: 0-50% O

Operating temperature: 30-110 °C

Response time: < 0.5 sec

Accuracy: 1% of full scale

Gas environment: Hz, CO2, N2, H2O at 1-3 atm total pressure

Differential pressure in fuel
cell stack

Measurement range: 0-1 psig or (0-10 or 1-3 psig - depends on design of fuel cell system)
Temperature range: 30-100 °C; -40 °C survivability

Response time: <1s

Accuracy: 1%

Size: Needs to be small - 1 square inch and orientation cannot be a problem

Other: has to be able to withstand and measure liquid and gas phases

a Sensors must conform to size, weight, lifetime, and cost constraints required for automotive applications

SENSORS FOR CIDI/SIDI ENGINES

Sensors for CIDI/SIDI engines are at a more mature stage of development than fuel cell
sensors. While the sensors identified below currently exist for defined applications, there
are no sensors available that fall into the highest need category and meet all of
specifications required by the automotive industry. These specifications include
operation in very harsh environments, high sensitivity and selectivity, long lifetime,
low/no maintenance, high stability, and low cost. In addition, sensors need to be
developed for specific systems, not generic operation, because manufacturers sometimes
have different measurement strategies. Requirements for the high priority NOx and
particulate matter (PM) sensors, and for the medium priority wide-range oxygen sensor

arelistedin Table2.

Table 2. Requirements for CIDI/SIDI Sensors?2

Sensor

Requirements

NOx

20-300 ppm sensitivity for diesel (with potential for some applications up to 2000 ppm feed gas)
100-200 ppm sensitivity for gas engines

Measurement precision within + 5 ppm for diesel and within £ 20 ppm for gas engines

Temperature: 600-1000°C

Lifetime: 10 years; 150,000 miles for automobiles and 500,000 miles for trucks

Response time: 1 sec or less (must be 5 ms for cylinder-to-cylinder monitoring and 50-100 ms for
engine control)

Separate measurements of NO and NO;

Immune to soot, sulfur and urea (NHs)
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Cost < $20.00

Particulate Sensor

Smoke number under 2 BSU (Bosch smoke units)

Minimum detection: 0.2 BSU

Temperature: 600-1000 °C

Lifetime: 10 years; 150,000 miles for automobiles and 500,000 miles for trucks

Response time: 1 sec or less (must be 5 ms for cylinder-to-cylinder monitoring and 50-100 ms for
engine control

Cost < $20.00

Wide Range O Sensor

Range is A from 0.7-15 (includes diesel)

Response better than 4 Hz for engine control

Temperature range: ambient - 1000°C

Startup time less than 15 seconds

Resistant to poisoning from phosphorous, sulfur, lead and particulates
Cost < $20.00

a Sensors must conform to size, weight and cost constraints required for automotive applications
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| ntroduction

To reduce U.S. dependence on imported oil, improve urban air quality, and decrease
greenhouse gas emissions, the Department of Energy (DOE) is developing advanced
vehicle technologies and fuels. Enabling technologies for fuel cell power systems and
direct-injection engines are being developed by DOE through the Partnership for a New
Generation of Vehicles (PNGV), a government-industry collaboration to produce
vehicles having up to three times the fuel economy of conventional mid-size automobiles.

Sensors have been identified as a research and development need for both fuel cell and
direct-injection systems, because current sensor technologies do not adequately meet
requirements. Sensors are needed for emission control, for passenger safety and comfort,
to increase system lifetime, and for system performance enhancement through feedback
and control. These proceedings document the results of a workshop to define sensor
requirements for proton exchange membrane (PEM) fuel cell systems and direct-injection
engines for automotive applications. The recommendations from this workshop will be
incorporated into the multi-year R& D plan of the DOE Office of Advanced Automotive
Technologies.

The workshop attracted more than eighty participants. They included representatives
from DOE, the national laboratories, automakers, the California Air Resources Board,
universities, PEM fuel cell developers, fuel processor developers, CIDI/SIDI engine
developers and manufacturers, and sensor manufacturers. The success of the workshop
can be attributed to the diversity and sound technical foundation contributed by the
participants. A complete list of the attendeesis given in Appendix A.

The workshop consisted of invited talks and breakout sessions. A complete agenda is
given in Appendix B. The plenary session included presentations from DOE program
managers, and invited overview presentations covering present and future emissions
regulations (Tom Cackette, CARB); the state-of-development of PEM fuel cells (Doug
Wheeler, IFC); the state-of-development of CIDI engines (Rich Belaire, Ford); and the
sensor field (Joe Stetter, 11T). Following the plenary session, two concurrent facilitated
breakout sessions were organized - one focused on sensor needs for fuel cells and the
other on sensor needs for CIDI and SIDI engines. For each session, a panel was formed
to help guide the discussions. At the beginning of each session, the panel members gave
brief opening comments. Members of the general audience were also invited to make
short presentations. Summaries of the presentations are included in the report; visuals
from the presentations are provided in Appendix C.

During the breakout sessions sensor needs were identified and prioritized, and
performance criteria were defined. A large number of chemical and physical sensors
were considered. Technologies not traditionally classified as sensors (e.g., infrared
spectrometers or ion mobility mass spectrometers) were also discussed. It was
recognized that revolutions/evolutions in optical and electronic technology could make
these types of technologies available in the not-too-distant future. However, at this point
in time, the sensor field can be considered to be more evolutionary than revolutionary.
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Decades of development have gone into the development of electrochemical,
spectroscopic, acoustic, and thermal sensors for chemical detection, and physical sensors.
In large part, the challenge lies in the further development of specific materials,
packaging, integration, and particularly in developing systems that are cost effective. In
the final analysis, the best sensor approach for automotive applications should be selected
based upon consideration of the analyte, required operational specifications, cost, and
probability of success.

.  Summariesof the Plenary Session Presentations

“Overview of the DOE Transportation Fuel Cell Program,” JoAnn Milliken, DOE
To reduce U.S dependence on foreign oil, the Department of Energy (DOE) Office of
Transportation Technologies (OTT), in partnership with industry, is developing
advanced vehicle technologies and fuels. Fuel cells, with their high efficiency, low-
to-zero emissions, and fuel flexible characteristics, have emerged as one of the most
promising technologies to meet the challenge. Fuel cell vehicles operating on gasoline,
methanol, ethanol, or natural gas offer a pragmatic near-term option that can use the
existing fuel infrastructure and accelerate fuel cell technology toward
commercialization in vehicle applications. They will provide a transitional pathway
toward a more sustainable long-term future based on renewable hydrogen as the
requisite infrastructure is put into place. Whilethe OTT Fuel Cell Program has made
tremendous progress during the past 5 years, significant technical challenges remain.
Through both industry and national laboratory R&D, OTT is addressing those challenges
which include reducing the size, weight, and cost of the fuel processor and fuel cell stack
subsystems, and developing automotive balance-of-plant components including air
compressors, sensors, and controls.

“ Overview of the DOE SIDI Engine Program,” Rogelio Sullivan , DOE
Spark-ignited, direct-injection (SIDI) engines have been the focus of intense research at
various times in the past, and have been at the doorstep of full production in the U.S.
more than once. The principal attraction of SIDI enginesis their potential high efficiency
that stems from their stratified charge, lean-burn operation. In principle, SIDI should be
able to utilize higher compression ratio and require little if any throttling for load control.

One of the primary barriers preventing the introduction of SIDI engines to the U.S.
market has been emissions. The emission problem is being addressed through an
integrated approach that considers the fuel, combustion control, and emissions treatment.
In addition to emissions, the excessive cost of the high-pressure injection hardware is
another important hindrance to commercialization of the technology in the U.S.

The DOE SIDI R&D program was initiated in FY 1999. The objectives of the program
are to conduct research to enable SIDI engine introduction in the U.S., support
technology development for emission control, and to provide a fallback option for CIDI.
Because the DOE engine portfolio is heavily weighted with CIDI research, and the CIDI
engine faces enormous emission and other potential drawbacks, it seems prudent to
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conduct enabling research on other high efficiency engine alternatives. The SIDI
program is coordinated with the auto industry through the Low Emission Partnership
(LEP) of USCAR. The program is reviewed and coordinated with the LEP on an
ongoing basis.

The program’s budget for FY 2000 is $6.9 Million and there are three major program
thrusts:

e Fundamental Combustion Research and Modeling (national labs and
universities)

e Engine and Component Research (contractors and national laboratories)

e Sensor Development (national |aboratories)

Most of the ongoing sensor development projects in the SIDI program are conducted
through a Cooperative Research and Development Agreement (CRADA) with the Low
Emission Partnership. Thiswork is primarily focused on the development of HC and CO
sensors for on-board diagnostics and potentially engine control. This sensor CRADA has
been in place since 1994 and involves Lawrence Livermore National Laboratory, Los
Alamos National Laboratory, Argonne National Laboratory, and Sandia National
Laboratories. The national laboratories have developed devices using a variety of novel
sensing techniques, materials, and processing technologies. The automotive partners help
to test and evaluate the sensors and provide guidance on technical targets and
performance requirements. These CRADA projectswill end in FY 2001.

This workshop will help to identify high priority sensor needs for SIDI engines. If a
consensus can be reached on sensor needs during the breakout session and collaborative
projects quickly formulated, then one or more new sensor projects may be added to the
program this year. Potential projects will be screened for technology maturity, direct
industry involvement, cost share, technical feasibility, and other program and policy
factors.

“Overview of the DOE PNGV CIDI Combustion and Emission Control Program,”
Ken Howden, DOE

The Partnership for a New Generation of Vehicles, an industry-government consortium,
has selected the compression-ignition, direct-injection (CIDI) engine as the basis for the
development of hybrid electric mid-size passenger vehicles which will achieve up to 80
miles per gallon by 2004. The challenge in choosing this engine for the powertrain is to
meet stringent Federal emissions standards while maintaining the high efficiency offered
by the diesel cycle. The DOE contribution to this effort includes cooperative research
with the automotive OEMSs, suppliers, and the national laboratories in the areas of clean
combustion and new emission control technologies. New R&D programs have also been
established with U. S. diesel engine manufacturers to develop innovative emission
control systems for CIDI passenger car engines. This technology will also be
demonstrated on light trucks and sport utility vehicles for maximum impact across the
light-duty fleet. Advanced petroleum-based fuels, a key element in optimized
combustion and emission control system performance and durability, are also being
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developed in a parallel program with mgjor energy companies and the automotive
industry.

“Driving Towards Clean Air: Countdown to Zero,” Tom Cackette, California Air
Resour ces Board

Although Los Angeles remains one of the smoggiest cities in the nation, progress in
reducing ozone has been substantial. The annual peak ozone has been reduced by 50%
over the past 10 yearsto 0.17 ppm (the clean air goal is 0.09 ppm). Progressin reducing
fine particles has been less, with unhealthy levels present on about 250 days per year.

The key to improving air quality is reducing hydrocarbon (HC), oxides of nitrogen (NO,)
and fine particle emissions (PM). Emission reductions of HC and NO, well over 50% are
needed to meet the ozone air quality standard. Mobile sources contribute about two
thirds of these smog-forming emissions. Diesel engines are also a mgjor contributor of
directly emitted fine particles, which have been identified as a cancer causing substance,
aswell as a contributor to ambient PM.

Cars and light trucks have been the largest single source of smog-forming emissions. As
car and light truck emissions are reduced in compliance with low emission vehicle
standards, diesel engines, including those used in trucks, farm and construction
equipment, and non-road vehicles such as locomotive and ships, become the largest
source of smog-forming emissions (mainly NO,), and also contribute about 70% of the
public exposure to ambient air toxic compounds.

To achieve clean air in California, we need a substantial portion of vehicles to have zero
or near zero emissions. Thisis most viable in the car and light truck, and urban heavy
truck, sectors. Everywhere else, the application of best available technology is needed.

Near zero emission passenger cars (Nissan Sentra CA, Honda Accord EX) are being sold
in California now, as are battery-powered electric vehicles and hybrid electric vehicles
with very low emissions. Nearly every major auto manufacturer has promised
introduction of fuel cell vehicles by mid-decade, and a unique industry/government
partnership has been formed to address introduction of this new technology, including
fuel and fueling infrastructure implications. Natural gas engines already emit less than
one half the emissions of a heavy-duty diesel. However, diesel engine exhaust gas
treatment devices that reduce NO, and PM are becoming commercially available which
create the likelihood for both diesel and natural gas engines achieving near zero
emissions. Fuel cell engines also appear viable for use in heavy vehicles, especially those
urban vehicles such as transit buses that could be fueled with hydrogen at a central site.
Cost reduction remains the biggest challenge. Finally, automobile technologies such as
the 3-way catalyst are being applied to industrial engines and boats. All these
technologies benefit from the availability of low sulfur gasoline and diesel fuel.

In summary, the clean-up of all types of mobile sources, ranging from big ships to weed

whips, is progressing rapidly. Zero and near-zero emissions are achievable for the major
sources, including cars and diesel trucks. Clean fuels have enabled the use of clean-up
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technologies and pave the way for future innovations. Technology offers us a promising
path to clean air.

“ State of Development of PEM fuel cells,” Doug Wheeler, International Fuel Cells,
LLC

This presentation provided an overview of the three PEM fuel cell areas: Fuel Cells for
Transportation Applications; Fuel Cells for Stationary Power Generation; and Fuel Cells
for Portable Power Applications. PEM fuel cells for transportation offer the opportunity
to replace the internal combustion engine (ICE) power source and to be used as auxiliary
power units (APU). High efficiency and near zero emissions are two of the primary
characteristics for both applications. The PEM-powered vehicle must also have a range
comparable to the gasoline-fueled ICE and there is some indication that multiple fuel
applications will become important.

Stationary power generation includes both residential applications and commercial
applications. Power plants operating in the range 5 kW to 15 kW are suitable for the
residential applications while the commercial applications will typically be in the range
of 50 kW to 1 MW. High reliability, high efficiency, ultra-low emissions, and multi-fuel
capability are primary characteristics for the PEM stationary applications.

PEM portable power plants are targeted for extended life with a rechargeable fuel and
high power output. The power output would range from 5 watts to 1 kW while the fuel
cells could be either mechanically or reversibly rechargeable.

Two major design concepts are being developed for PEM power plants. pressurized
power plants operating at pressures as high as 4 bar and ambient pressure power plants
operating near atmospheric pressure. The two concepts reflect two different methods for
removing liquid water from the fuel cell. Pressurized fuel cells remove water through
evaporation and entrainment of water droplets in the spent reactants. Pressurization is
attained using a compressor/expander that requires a parasitic power of 10% to 20%. A
high efficiency compressor/expander that can operate over the full range of power
densities for the fuel cell has not been developed and is the subject of considerable
research and development activities. On the other hand, ambient pressure power plants do
not have this parasitic performance loss but require the development of bipolar plates that
are porous and can wick the liquid water away from the fuel cell. The development of
low cost porous bipolar plates is a focus of research for the ambient fuel cell power
plants. Both the pressurized and ambient fuel cell power plants operate at 80 °C and the
temperature limit appears to be a function of the membrane properties. The performance
of the cells is very similar with the ambient fuel cell operating at 0.7 V @ 1000 mA/cm?
on hydrogen and air with 90/60 utilization respectively. Full size automotive fuel cell
stacks for both concepts, in the range of 40kW to 70kW, have been manufactured and
tested in vehicles.

Fuel processing has been a mgjor effort in the development of fuel cell power plants.

Magjor components include the desulfurizer, fuel reformer, shift reactor, and preferential
oxidizer. Desulfurization is a magjor technical hurdle with targeted sulfur levels of less
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than 0.05 ppm. Two types of reformer technology are being pursued: (1) autothermal
reforming (ATR) and/or partial oxidation (POX) and (2) catalytic steam reforming
(CSR). The choice of reforming technology is dependent on the application with
ATR/POX addressing transportation needs of low volume and because of the ability to
reform high carbon content fuels such as gasoline and diesel. The CSR technology is
used with stationary where methane and propane are the fuels of choice and high
efficiency iscritical.

The shift reactor reacts water (steam) and carbon monoxide exiting the reformer to form
hydrogen and carbon dioxide. To date, over 3 million commercial hours have been
demonstrated in stationary commercial fuel cell applications using Cu/Zn catalyst.
Improvements are necessary to reduce the volume of the shift reactor and these
improvements may include the use of precious metal catalysts such as those under
development at Argonne National Laboratory.

Preferential oxidation, also called selective oxidation, reduces the remaining carbon
monoxide in the fuel processor gas stream to levels compatible with the fuel cell, e.g., 10
ppm. Ammoniaisformed in the ATR/POX and is not removed by preferential oxidation.
An additional scrubbing system maybe needed to remove the ammonia.

PEM power plants approach the performance levels required for transportation,
stationary, and portable applications. Key component issues for the PEM power plant to
be resolved are cost, power density, and durability.

“Overview of the State-of-the-Art in CIDI Engine Technology,” Rich Belaire, Ford
M otor Company

A comparison was made between technologies of current CIDI engines in widespread
use today and emerging designs. Primary distinguishing features are the move toward
high-pressure, common rail fuel injection systems, variable geometry turbocharging, 4-
valve per cylinder architecture and sophisticated exhaust aftertreatment devices
concentrating on control of NO, and particulate matter.

Analytical tools are being applied to guide the design of DI combustion systems with a
view towards reducing engine-out emissions and improving NVH (noise, vibration, and
harshness) while maintaining the fuel economy advantage of diesel engines. Examples of
some of the latest European production engines were given.

“Sensors Overview,” Joseph Stetter, Illinois | nstitute of Technology

The world of chemical sensors is highly diverse and spans disciplines from physics and
materials science to analytical chemistry and biology. Modern sensors are built on many
platforms producing optical, electrochemical, mechanical, and thermal signals that
correlate with the chemical variable of interest. A complementary approach is the
miniaturization of large instruments like mass spectrometers, IR spectrometers, and
chromatographs. While these are not strictly chemical sensors, the end result can be the
desired one, i.e. high performance, low cost, rugged, stable, and long life measurements
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of the chemical variable needed for automotive process control, safety and environmental
monitoring. The automotive requirements for gas measurement of CO, O,, HCs, H,S,
NH;, NO,, PM, SO, and the like in a small, robust, and low cost package that can
withstand the severe automotive environments is a tall order for existing sensors.
However, chemical sensor technology is in all stages of development from laboratory
curiosity to already performing some field applications. It is the latter that we need to
develop and modify to meet the near-term needs of emerging automotive technologies
making them more environmentally acceptable, with higher performance, and customer
safe.

The proposed sensor program is extremely important to the success of the DOE mission
and to the country. It is clear that more sensor activity occurs abroad in terms of
conferences, programs, and in many fields sensors are imported. The DOE program
strengthens the U. S. infrastructure in chemical sensor development and will result in new
developments that are enabling to the new advanced automotive technologies. Guidelines
for preparation of proposals as well as the evaluation of the work need to be developed
based around sound chemical sensor science and the principles of analytical chemistry.
The current workshop will go along way toward defining the appropriate goals for our
sensors. Future workshops can focus on initial results and on equitable formulas for
evaluation and benchmarking our progress on the important technology developmentsin
chemical sensors for advanced automotive applications.

1. Fuel Cell Sensors
A. Breakout Session — Presentation Summaries

Doug Wheeler (International Fuel Cells, LLC):
Diagnostic sensors are at an early stage of development for PEM fuel cells; a large
number of sensors are needed.

Sensors currently used:

- thermocouples for the stack- 70-90 °C; reformer; low temperature shift
reactor; POX reactor; heat exchangers. Thermocouples are probably adequate

- pressure

- differential pressure

- massflow

- liquid level

- temperature switches

- level switches

- flow switches

- O,fair utilization (0-20%)-now using a high temperature oxygen sensor

- water conductivity, fluoride ion aso used for diagnostics

Sensors that need devel opment:
- hydrogen sensors




CO sensors (0-500 ppm)

Fernando Garzon (Los Alamos Nationa Laboratory):

reconfigured electrode structures are more CO tolerant by an order of
magnitude with respect to previous designs

sensor for measurement of CO in H, still needed

reliable H, sensor needed

reliable mass flow sensors are also needed

Shuh-Haw Sheen (Argonne National Laboratory):

For a hydrogen sensor, acoustic sensor using sound velocity and attenuation is
potential method-hydrogen has a very high sound velocity in comparison to
other gases. However, cost needs to be lowered for market acceptability.

Jacob Wong (lon Optics, Inc.):

Non-Dispersive Infrared (NDIR) gas sensor technology should not be
misconstrued to be the same technology as IR spectrometers used in a
laboratory setting. The latter are expensive, fragile, and bulky instruments
that make very precise gas concentration measurements. NDIR gas sensors
are an evolutionary product of IR gas sensors that have emerged over the last
decade. NDIR sensors are small, rugged, sensitive, and inexpensive and have
performance which in some cases is better than their “IR spectroscopic”
counterparts

NDIR is aviable technology that should not be overlooked. Detection limits
for CO are good; and it may also be possible to simultaneously measure other
gases present such as CO,, H,0O, HCs, NH,, etc.

B. Sensor needs, priorities, and technical requirements

Following the introductory comments by the panel and audience, the breakout session
endeavored to answer the following questions:

What do we want the sensors to measure/detect?
What are the technical and performance targets?
Are currently available sensors adequate/appropriate?
(a) If they are not, how can they be modified or improved?
(b) If none are available, how do we develop new sensors?
What are the barriers to development of new sensors?

What organizations are best suited to develop new sensors?
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In generdl, it was the consensus that most commercially available sensor technologies
have not been designed to operate in a fuel cell gas environment. The major complaints
are that the sensorg/instruments that do work, to varying degrees of success, are too big
and costly and the sensors that are potentially low cost are not reliable or do not have the
required lifetime. In some cases, neither combination of specifications can be met. The
most common sensor design environment is ambient air, not fuel cell reformate gas
streams. Extensive research in redesign and development are needed for operation in a
fuel cell anode gas environment. Careful testing of prototype devices in fuel cell /fuel
processor environments will be needed to validate the performance of any sensor. The
research, development, and validation should be carried out by careful coordination
between industry, national laboratory, and university sensor researchers, the device
manufacturers, fuel cell component manufacturers, and the automotive industry.

Sensor needs were determined by polling the audience. The sensor needs were then
prioritized by voting on the initial list of 26, some of which were combined. After the top
priorities were identified, the breakout session participants divided into smaller groups to
discuss the specific sensor requirements. These were then presented to the entire group
for further discussion/clarification. The results are listed according to the number of votes
received in descending priority, along with the identified requirements.

Priority 1. CO sensors for various concentration ranges and environments

CO sensors were considered the most vital sensor need for PEM fuel cell operation
because of anode poisoning that occurs when concentrations of 5-100 ppm of CO are
present in the fuel gas stream. Based upon input from fuel cell developers, CO sensors for
three different operational regimes were identified. The sensors and their requirements
are:

a) 1-100 ppm reformate pre-stack sensor
- Operational temperature: <150 °C

- Responsetime: 0.1 -1 sec
- Gas environment: high humidity reformer/partial oxidation gas- H, 30-75%,
CO,, CO, N,, H,0 at 1-3 atm total pressure

For reformed gasoline the composition is:

Component | Before SOX (PROX) | After SOX (PROX)
H, 34.8 32.1

H,O 28.6 290.1

CH, 04 04

CO 0.7 <10 ppm

CO, 14.8 14.9

N, 20.4 23.2

Ag 0.3 0.3




- Accuracy: 1-10 % full scale

b) 100-1000 ppm CO sensors
- Operational temperature: 250 °C.

- Responsetime: 0.1- 1 sec

- Gas environment: high humidity reformer/partial oxidation gas-H, 30-75%,
CO,, CO, N,, H,0 at 1-3 atm total pressure

- Accuracy: 1-10 % full scale

c) 0.1-2% CO sensor 250 °C -800 °C
Operational temperature: 250 °C -800 °C.

- Responsetime: 0.1- 1 sec

- Gas environment: high humidity reformer/partial oxidation gas- H, 30-75%,
CO,, CO, N,, H,0 at 1-3 atm total pressure

- Accuracy: 1-10 % full scale

The following technologies were identified as being commercially available:

metal oxide semiconductor resistive sensors, IR spectroscopic devices, low temperature
electrochemical sensors (not based upon the ion-conducting ceramic oxides used for
current automotive applications), and colorimetric — dye based devices. All of these
devices have limitations as identified in Table 3 below. Potential solutions that could be
employed to make the current sensors useful for the CO sensing applications are
provided.

Table 3. Available Sensorsand Their Limitationsfor PEM Fuel Cell Applications

MOS sensors IR spectroscopic Electrochemical | Colorimetric
Problems Do not work in First generation technology Designed for air | Poor accuracy;
reducing was expensive, had limited monitoring; temperature and
environments; lifetime, and window operating lifetime
humidity fouling. temperature and | limitations
interference, cross lifetime
sensitivity limitations
Solutions Need new Claimsthat new NDIR Redesign for Need new CO-
semiconductor technology is now available | fuel gas sensitive dyes
materials and should betested. Down | environment;
the road, third generation need high
technology - lower cost temperature
“spectrometers on a chip” electrolytes
may become available

This table does not imply that simple solutions for current technologies are available to
make them useful for CO sensors. The entire list of specifications must be met and we
have only highlighted important but partial solutions. There are a number of technical
barriers that prevent current sensors or instruments from meeting the needs, and citing all
of these and the potential solutionsis beyond the scope of this document. Indeed, thereis
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not universal agreement on all the required specifications among the engineers from
different companies who design fuel cell systems. Collaborative R&D programs
including sensor designers (industry, national laboratories, universities) and end users
were identified as ways to develop new CO sensors; currently available technologies
probably cannot be simply modified to meet performance and cost needs. The mgor non-
technical barriersto development are research costs and market size, which translates into
risk for business.

Priority 2: Hydrogen sensors for product gas

A hydrogen sensor for fuel gas quality measurement was also identified as a very high
priority. The operating conditions are as follows:

- Measurement range: 1-100 % hydrogen concentration

- Operating temperature: 70- 150 °C

- Responsetime: 0.1 -1 sec for 90% response

- Gasenvironment: 1-3 atm total pressure, 10-30 mol % water, total H, 30-75%,

CO,, N, (seetable above for CO sensors)
- Accuracy: 1-10 % full scale

Numerous hydrogen-sensing technologies are available including thermal conductance,
MOS semiconductor sensors, electrochemical sensors, palladium thin film resistance
sensors, and acoustic sensors. Operating temperature, cross sensitivity, and cost are the
major barriers to implementation. Validation in fuel cell environments is expensive and
strongly needed. Sensor manufacturers, national labs, universities, and fuel cell
manufacturers may conduct research.

Priority 3: 1% hydrogen in ambient air, safety sensor

A hydrogen sensor that operates in the 0.1 to 10 % hydrogen concentration range was
also identified as a major need because of the potentially explosive nature of hydrogen/
air mixtures. This sensor would operate in the ambient environment, i.e., inside the
passenger compartment of the fuel cell-powered vehicle.

- Temperature range: —30to0 80 °C

- Response time: under 1 sec

- Accuracy: 5%

- Gasenvironment: ambient air, 10 -98% RH range

- Lifetime: 5years

- Selectivity from interference gases such as hydrocarbons is needed
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Many sensor technologies were identified. The two most common commercially
available technologies are MOS sensors and electrochemical sensors. These sensors need
to be validated for cross sensitivity, lifetime and accuracy. EXxisting suppliers working
closely with the fuel cell manufacturers and the transportation industry might develop the
ambient air hydrogen gas safety sensor.

Priority 4: Sensors for sulfur-containing molecules

Very low levels of sulfur (from H,S, SO, and organic sulfur) can adversely affect the
performance of PEM fuel cells. Sensor requirements are:

- Operating temperature: < 400 °C
- Measurement range: 0.05 ppm -0.5 ppm

Responsetime: <1 minat 0.05 ppm
— Gasenvironment: seetable above for CO sensors

It was the consensus from the fuel cell manufacturers that this sensor is needed upstream
from the ATR/POX and fuel cell. Therefore, the sensor would be used as a sulfur
detector in the fuel line. Alternatively, the detector could be at the exit of the desulfurizer
or entrance to the ATR/POX where it would be a gas phase detection unit.

Existing technologies consists of electrochemical hydrogen sulfide sensors and
spectrometric methods. Current technology is not designed to operate in the fuel cell
environment.

Elimination of sulfur in the liquid fuel supplied would reduce the need for this sensor.

Sensor manufacturers, national labs, universities, and fuel cell manufacturers might
conduct research.

Priority 5. Flow rate sensors - product gas

Knowledge of the flow rate of the product gas from the fuel processor is needed for
system feedback control. Operational requirements are as follows:
- Flow rates. 30 -300 standard liters per minute
- Temperature: 80 °C. (Thisisvalid at exit of fuel processor; aflow sensor in
the fuel processor is not recommended)
- Gas environment: high humidity reformer/partial oxidation gas: H, 30-75%,
CO,, N,, H,0O, CO at 1-3 atm total pressure

The following existing technologies were identified: differential pressure sensors;
thermal mass hot wire; magnetic sensing; and acoustic methods. All methods face
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problems with variable gas composition, two-phase gas/liquid flow, and condensation at
high humidity. Without initiating new sensor development efforts, current sensor
manufacturers working together with the fuel cell manufacturers may be able to adapt
existing technology. One barrier to development is market demand.

Priority 6 Ammonia gas sensor

Ammonia is an unwanted chemical byproduct originating from reaction of nitrogen in
injected air streams with hydrogen gas. It inhibits fuel cell performance and
measurement is desirable from a fuel cell performance standpoint. Sensing requirements
are asfollows:

- Operating temperature: 70-150 °C

- Measurement range: 1-10 ppm

- Selectivity: <1 ppm from matrix gases (see table for CO sensors)

- Lifetime: 5-10 years

- Response time: seconds

- Gas environment: high humidity reformer/partial oxidation gas- H, 30-75%,

CO,, N,, H,0O, CO at 1-3 atm total pressure

Available sensor technologies include MOS sensors, electrochemical sensors, IR
spectroscopic, chemiresistive devices, and surface acoustic wave devices. The currently
available technology is either not designed to operate in a fuel gas environment or is
prohibitively expensive. Partnerships with fuel processor developers and sensor
developers (industry, national labs, and universities) are necessary to develop sensors
meeting necessary requirements.

Priority 7: Temperature sensors

Fast responding temperature sensors are needed throughout the fuel processor and the
fuel cell stack.
- Operating range: -40-150 °C
- Responsetime: in the -40-100 °C range < 0.5 sec with 1.5% accuracy; in the
100 — 150 °C range, a response time <1 sec with 2% accuracy is sufficient
- Gas environment: high humidity reformer/partial oxidation gas- H, 30-75%,
CO,, N,, H,0O, CO at 1-3 atm total pressure
- Must be insensitive to flow velocity

Existing technology includes thermocouples, RTD’s, thermistors and IR sensors. The
major problem with these current technologies is response time and cost. Temperature
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sensor manufacturers can collaborate with fuel cell manufacturers to customize their
products for the specific needs.

Priority 8: Relative humidity sensors

- Fuel cell membranes need constant humidification for proper operation. A
humidity sensor may be needed for both cathode and anode gas streams.

-  Operating temperature: 30-110 °C

- Relative humidity: 20-100 %

- Accuracy: 1%

- Gas environment: high humidity reformer/partial oxidation gas- H, 30-75%,
CO,, N,, H,0O, CO at 1-3 atm total pressure

Current technology includes thin film capacitance sensors, resistive sensors, and dew
point systems. Problems with existing technology include operating temperature (limits
at 60-65 °C) and response time, and high relative humidity measurements are
problematic. Partnerships with fuel processor developers and sensor manufacturers may
help to develop these devices.

Priority 9: Oxygen concentration Sensors

(1) Oxygen sensors are needed for fuel processor reactor control purposes.

- Operating temperature: 200-800 °C

- Measurement range: 0-20% O,

- Responsetime: <0.5sec

- Accuracy: 2% of full scale

- Gas environment: high humidity reformer/partial oxidation gas- H, 30-75%,
CO,, N,, H,0O, CO at 1-3 atm total pressure

(2) Oxygen sensors are also needed at the cathode exit

- Measurement range: 0-50% O,

- Operating temperature: 30-110 °C
- Responsetime: <0.5sec

- Accuracy: 1% of full scale

- Gasenvironment: H, , CO,, N,, H,0O at 1-3 atm total pressure
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High temperature electrochemical oxygen sensors are available from automotive
suppliers. However, these types of sensors need to be validated in fuel cell gas operating
environments. Low temperature electrochemical oxygen sensors are also available.
These also need to be validated in cathode-exit gas environments. Oxygen sensor
manufacturers can collaborate with fuel cell manufacturers to customize their products
for specific needs.

Priority 10: Differential pressure sensors

Accurate, sensitive differential pressure sensors are desirable for use in the fuel cell stack
for aiding in water management. These sensors need to have accuracy in inches of water.

Measurement range: 0-1 psig and 0-10 psig (low range for atmospheric fuel

cells and high range for pressurized fuel cells)
- Temperature range: 30-100 °C; -40 °C survivability
- Responsetime: <1s
- Accuracy: 1%
- Size: Needsto be small - 1 square inch and orientation cannot be a problem
—  Other: hasto be able to withstand and measure liquid and gas phases

Current technology is strain gage differential pressure technology. However, these
sensors are expensive, large, and fragile. Need suppliers to be engaged in product
development. Motorolaand EG& G might have sensorsto test.

[11. CIDI and SIDI Engine Sensors

A. Breakout Session - Presentation Summaries

Joseph Giachino (Visteon):

- It's possible to consider over twenty potential powertrain sensor applications
including air flow, pressure (air, fuel, oil), position (valves, cams, throttle,
pedals, transmission gear), speed (transmission, vehicle), torque, and oil
quality

- Sensors need to be combined

- Make direct measurements of property, not an indirect measurement (e.g.,
measure air/fuel ratio directly)

Sensor components:
- Sensing element
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- Signal conditioning electronic

- Interface electronics

- Housing (includes connector)

- Get manufacturing people involved before starting sensor devel opment
process

Important sensor properties:
- Survivability (10 years and 150,000 miles, no cleaning or maintenance
required)
- Selectivity
- Sengitivity

Sensor trade-offs:
- Accuracy
- Speed of response
- Robustness
— Span
- Cost

Richard Cernosek (Sandia National Laboratories)- “Overview of Sensor Projects at the
National Laboratories’

Richard Cernosek gave an overview of the sensor activities occurring in the DOE
national laboratories. There are a number of sensor development efforts underway,
including:

- Vehicle exhaust gas constituent sensors

- Other gas sensors: NOy, CO, HCs, O,, H,
- Particulate counters

- Pressure monitors

-~ Fluid monitors

- Rotation/position sensors

SNL Sensor Development

- Participant in Exhaust gas sensor CRADA: CRADA involves SNL, LLNL,
and LANL. ANL isateam member under a separate CRADA. Engine testing
with USCAR for use as OBD Il sensors. Sandia emphasis has been on HC
sensors. Acoustic wave technology for hydrocarbon monitoring using AT-cut,
thickness shear mode crystals with sol-gel coatings to obtain high surface area

- Silicon MEMs pressure devices (not yet applied to automotive)

- Oil viscosity monitor using quartz resonator technique - has been tested on
automobiles.

- Micromachined catalytic gas sensor: polysilicon filaments 2 microns thick by
10 microns wide ... detects combustible gases

LANL Sensor Development
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- Exhaust gas sensor CRADA. LANL emphasis has been on HC sensors and
secondarily on CO sensors. Technology is based upon ceramic oxide sensors
using zirconia and operating at 400-900 °C. “Spark plug” type design. Fast
light-off. Detect H,, CO, hydrocarbons, NO,. 3000 hours of |aboratory testing

- Lean burn oxygen sensors...linear amperometric O, sensors with porous metal
oxide...linear response up to 25% O,

LLNL Sensor Development
Exhaust gas sensor CRADA. LLNL emphasis has been on HC sensors. New
ceramic oxide electrochemical sensors for hydrocarbons using proton
conducting electrolytes and differential catalysis are being developed. One-
to-one response between sensor response and FID detection for hydrocarbons
obtained in engine dynamometer testing. Response times on the order of 1
second and sensitivity below 25 ppm demonstrated

- Also developing a new electrochemical NO, sensor based upon differential
catalysis and ceramic oxide materials

- In past work, also investigated linear oxygen sensors and fiber optic Fabry-
Perot pressure sensor

ANL Sensor Devel opment
Participant in interlab exhaust gas sensor CRADA. Use miniature ion
mobility technology for hydrocarbons and NO, . Also developing millimeter
wave technology for NO, measurement (rotational absorption of dipolar
gases, compact cavity or microstrip resonators, immune to particulates or
sulfur contamination)

- Has concept for ultrasonic particle monitoring system using acoustic
attenuation.

- In-cylinder piezoel ectric sensor for pressure monitoring

ORNL Sensor Devel opment
- Developing a solid state electrochemical sensor for NO, for lean burn gasoline
engines and another for diesel

PNNL Sensor Development
- Aqueous tape casting system, electrochemical, novel materials design and
synthesis, sensor testing and evaluation

LBNL Sensor Development
- Developing diesel particle scatterometer based on polarized light scattering

Miscellaneous

- Hydrogen gas sensor development is being conducted at SNL, LLNL, ORNL,
and NREL

- Sensor arrays for vapor detection are being pursued at SNL, ANL, PNNL, and
ORNL. These systems have potential use as fuel composition monitors.
These monitors use pattern recognition and/or neural networks
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- Numerous labs are working on non-contact rotation and position sensors such
as planar Hall effect (SNL), giant magnetoresistance effect (ORNL), and
rotary differential capacitance transducers (ORNL).

Paul Raptis (Argonne National Laboratory):

“ Advanced Sensors for Automotive Engine Control.” Areas under investigation:

- Focus on tailpipe exhaust emission sensors...ion mobility, millimeter-wave
spectroscopy, acoustic and SAW/FPW chemical sensors are being pursued in
the exhaust sensor CRADA

- Leak detection and location of pressurized components...micro-mass
spectrometer, millimeter wave imaging, SAW

- In-cylinder sensors

- Air/fuel control system...intelligent valves

- Microwave cavity pressure sensor...deflection of diaphragm is proportional to
pressure

- SAW flow sensor based on measurement of thermal conductivity changein a
gas mixture

- Microwave dielectric sensor for engine oil quality monitoring

- Argonne ultrasonic viscometer...impedance and sound velocity measurements
Ultrasonic particulate monitor...changes in sound velocity and acoustic
attenuation

- Acoustic temperature sensor for catalytic converter which uses thin sensor
materials with minimal impact on flow

- Millimeter wave proximity sensor...uses FM-CW radar technique for
proximity sensing

Brage Golding, Michigan State University, NSF Center for Sensor Materials-“ University
Research in Automotive Sensors’

- Interdisciplinary sensor development does not fit well in an academic setting,
hence the advantages of NSF multidisciplinary centers

- Air flow: wall-mounted sensor for flow rates and cumulative flow in unsteady
ducts...MEMs-type device

- Hydrocarbon sensors being investigated:

- Semiconductor MIS-Catalytic gate hydrocarbon sensor...use SIC...wide
bandgap semiconductor with Pt catalytic gate-oxide barrier-SiC
substrate-Pt backing layer

- Molecular imprinting-thin, rigid polymer films via templating...expose
polymer to analyte, polymerize and remove template, expose polymer
template to analyte...use on SAW device to provide selective adsorption

- Oxygen sensor-inorganic chromophores for oxygen sensing in extreme
environments...uses high temperature chromophores
- Fuel distribution

-18 -



- Spatial and time dependent injection of fuel...can look at phase of
injected species...laser induced exciplex fluorescence visualization. Tag
the spray with a tracer that reports independent information about liquid
and vapor phases. Optical emission is different for vapor and liquid
phases. Nice visuals showing detection of fuel spray concentration 550
microseconds after injection

Frank Zhao (Daimler-Chryslern):

“Diesel Closed-Loop Control via Smoke Sensor”

- Objective : Avoid hesitation during acceleration while controlling emissions.
- Wéll-known trade-off between NO,, and particul ate generation.
- NO, always decreases with increasing EGR rate
- NO, and oxygen are correlated with PM, but still require some
assumptions
- Enough EGR to reach PM limit will always produce the lowest NO,
- PM ishighly non-linear near the PM limit
- Can provide compensation for both fuel and engine component tolerances
-~ Choice between in-cylinder and tail pipe sensors. Daimler-Chrysler prefers a
tail-pipe sensor because it allows monitoring the behavior of all cylinders.
Damler-Chrysler also thinks a smoke/PM sensor to be more useful than NO,
Sensor.
- Required PM sensor performance:
- A highly non-linear signal change near the PM-limited A/F giving a near-
digital characteristic
— Output signal proportional to the smoke level continuous from 0 to 5 BSU
(Bosch smoke units)
— Output signal to be independent of sensor temperature or other exhaust gas
components
- Could be used as an OBD device...
- Maximize EGR rate under al speed/load conditions subject to a
PM-level constraint
- Full load fuel control...control full load fuel via PM level
feedback rather than a preset fuel quantity based on worse case
conditions. Compensate for injector wear-drift over time.
Altitude compensation. Minimization of effect of part-to-part
variations
A sufficiently fast response sensor could identify cylinder-to
cylinder smoke variations and compensate
Pilot injection function diagnostic
- Transient sensor response could be used for tuning manifold filling
models
— Optical sensors are not acceptable...Daimler/Chrysler did some work a
while back on an electrical sensor for smoke detection...apparently the
sensor wasn't very reliable
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Prabir Dutta (Ohio State University):

Center for Industrial Sensors and Measurements (CISM) isinvestigating:

Micro-polymeric device manufacture (for life sciences application)

Micro-ceramic device manufacture (for hostile environments)

System integration into arrays

Education...thisis an NSF Center

CO sensor isbased on TiO, ... anatase and rutile

Second generation of CO sensors...selectivity through percolation

NO sensor...planar design...electrochemical ...insensitive to oxygen...use
zeolite catalyst on one end of the sensor. Possible spark plug application

Hydrocarbon sensor...electrochemical, uses a protonic conductor (sulfates
and phosphates) and catalyst

Rick Soltis (Ford Research L aboratory):

Concentrating on zirconia-based NO, Sensors

NO, sensors are needed for feedback control and monitoring

Diesel engine applications

HC injection NO, diesel treatment

Urea-based NO, diesel treatment

Feedback control

Diagnostics (OBD for diesels)

Operating principle: decomposing NO,, into N, and O, in low O, partial
pressure and measuring the produced O, (which is proportiona to NO)
Device can also function as an oxygen sensor. Operates 750-800 °C.
Gets similar response for NO and NO, with this sensor

I ssues are durability, sensitivity, selectivity (sensor responds to ammonia),
poisoning by soot and sulfur, response time, cost

Dave Gardner (Nexum Research Corporation):

“Combustion monitoring through Exhaust Temperature Waveform Anaysis
(ETW).” Vapor temperature sensors for exhaust gases and in-cylinder usage
under development. Correlated cylinder pressure waveform with exhaust
temperature waveform

Harold Schock,(Michigan State University):

“Mass Airflow Sensor Studies’

Visualization of intake system dynamics

LDV flow measurements using a controllable oscillating flow rig

Every unsteady flow is different...one calibration can't fit al situations
Developing a smart sensor to make time accurate measurements of mass
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flow rates in unsteady duct flows...uses silicon micro-machining
- Develop solutions to the unsteady Navier-Stokes equations

B. Sensor needs, priorities, and technical requirements

During the CIDI/SIDI breakout session sensor needs were identified through open
discussion. The group then characterized the need for sensors as high, medium, or low
priority. The group discussed in greater detail the requirements for the sensors that
ranked highest.

Questions to answer for each proposed sensor :

What are the technical and performance targets?

| dentify appropriateness/adequacy of current sensors.

If acurrent sensor is suitable, identify improvements needed. If no current sensor
is useful, how should a new sensor be devel oped?

What are the barriers?

What organizations are best suited for development, and how should
organizations collaborate?

What resources are required?

What isthe cost target?

The high priority sensor needs for CIDI/SIDI engines are NO, and PM sensors. Wide-
range oxygen sensors are medium priority. Requirements, recommendations, and issues
for NO, PM, and wide-range oxygen sensors are described below. A summary of all
CIDI/SIDI sensors discussed at the workshop is provided in Table 4.

NO, Sensors

Reguirements:

Sensitivity requirement (diesel): 20-300 ppm (potential for some
applications up to 2000 ppm feed gas)

- Measurement precision: 5 ppm

For gas engines, sensitivity shifts to 100-200 ppm and accuracy needs to
be +/- 20 ppm

Temperature: 600-1000 °C
Lifetime: 10 years, 150K miles (for trucks, lifetime requirement is 500K
miles)

Response time: 1 sec or less (time response must be 5 ms for cylinder-to
cylinder monitoring, can be 50-100 ms for engine control)
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- Separately measure NO and NO, (to evaluate treatments)

-~ Must be immune to soot, sulfur, and urea (NH,)

Recommendations/Issues:

NO and NO, need to be measured independently. Ceramic NO,, sensors based upon
zirconia electrolyte are now available. Issues are sensor durability and cost (many
electrical leads are required). EXxisting sensors are slow. Ammonia interferenceis a
problem (this may not be a problem depending on where the sensor is located).
Another big issue is the electronics - the sensors are required to measure sub micro-
amps to measure low ppm concentrations. Sensor drift is aproblem.

Fundamental science is important for the ceramic-based sensor. National labs can
contribute with their surface catalysis expertise. These sensors are essentialy small
catalytic converters, and the surface chemistry is not understood. Universities can
also contribute. Prof. Gopel’s group at the University of Tubingen in Germany has
done some surface modeling. Perhaps some of the combustion modeling work
performed by DOE labs can be extended to the NO, sensor. The work should be pre-
competitive to avoid proprietary or confidentiality issues.

There are other potential technologies to consider, such as spectroscopic. There has
also been work performed at ANL on a microwave NO, sensor, although high cost
may be an issue. There is high risk (cost and time) involved with pursuing a route
other than the ceramic type NO, sensors.

Particulate Sensor s

Reguirements:

- Maximum smoke number will be below 2 BSU (Bosch smoke units)
- Minimum detection: 0.2 BSU

- Response time, lifetime, and temperature requirements are the same as for
the NO, sensor

Recommendations/| ssues:

Measure total particulate mass. Industry works on Bosch number or opacity for
smoke measurements rather than particle number and size distribution. Industry is
more interested in particulate mass (e.g., grams per mile or grams per second) rather
than particle characteristics. Integrate over all particle sizes. Different engines have
different particle size distributions. Particle size determines whether the particle is
retained in the human lung and the extent of health effects. The Micro-Orifice
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Uniform Deposit Impactor (MOUDI) unit measures particle sizes from 0.05 to 10
microns (cascade impactor device). Linkage between Bosch number and actual
particle mass loading is unclear. Particle size distribution will impact the optical
attenuation (Bosch unit). PM sensor will be located either in each cylinder exhaust
or at the tailpipe. A PM sensor could possibly be combined with a HC sensor.

Industry needs to develop minimum performance requirements for the particulate
sensor. The measurement can be performed optically although the sensor window
will need to be baffled to avoid soot deposition on the window. Bosch smoke unit
numbers need to be correlated with particle mass loading.

There are no commercial PM sensors available for on-board measurements. The only
PM sensor under development is at Argonne National Laboratory. Sensor
specifications are likely to be highly engine-dependent because different engine
manufacturers will have different performance specs. Improved dialogue needs to be
established between auto manufacturers, sensor developers, and OEMs for
development of a viable PM sensor to develop specifications such as mass loading
range, time response, accuracy, and temperature range.

Pursue two paths for development: improve the “ring-electrode” type or modify
existing optical smoke measurement instrumentation (scatterometer, Bosch smoke
meter, etc.) for low-cost mass production.

Barriersto aviable PM sensor :

- Temperature

- Exhaust environment

- Cost requirements

- Lifetime, durability

- Packaging for onboard measurement

- Interact with auto computer to ensure sensor is “vehicle friendly”
- Optical access...” crudding up the optical window”

- Particle size...future smaller engines will be more difficult

Universities and national labs could contribute to the solution to this problem,
providing the base technology. A collaboration among universities national lab
researchers, OEMs, and the customer (auto manufacturers) should be established.

CARB may have role in setting sensor requirements because they must approve the
measurement system based on regulatory requirements.

The near-term introduction of diesel autos makes development of the PM sensor time

critical. There may be different timetables for light-duty and heavy-duty vehicles. The
market for this sensor is potentially every diesel vehiclein the world.
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Wide-Range Oxygen Sensors

Reguirements:

Recommendations/| ssues:

Range is lambda from 0.7 to 15 (includes diesel)...wide range gives you

better control but costs more

Response better than 4 Hz for engine control

Current sensors are expensive (multi-layer ceramics) - need to get cost down

to $20

Temperature range from ambient to 1000 °C (same as for NO, sensor)

Need fast startup time (<15 seconds)

Resistant to poisoning from phosphorous, sulfur, lead and particul ates (soot)

Wide-range oxygen sensors are too expensive because of small production quantities.
Current manufacturers are Delphi, NGK Sparkplug, Bosch, and Denso (Toyota).
Better sensor start-up algorithms are needed. LANL had a patent issued in 1996 for a
lean-burn system which measures transfer of oxygen through thick films of transition
metal oxides resistant to particulate plugging and poisoning. This sensor may only be
applicable to lean burn measurements, not rich mixtures. The lean-only use may be
particularly applicable to diesel engines.

EPA should mandate tighter control on stoichiometry; otherwise lean burn O, sensors
will continue to dominate.

Durability for heavy-duty applicationsisanissue. Diesel engine manufacturers have
an interest in this sensor (e.g., for identifying a bad injector or for “trimming out”
injectors). Sensor can be poisoned by sulfur. Because of the high cost, the automotive
systems folks have found away to do without this sensor.

Large resources are required to develop new sensor.

Table 4. Summary of Sensor Needsfor CIDI/SIDI Engines

Sensor

Rank

State of Development/
R&D Need

NO,

High

Electrochemical ceramic oxide sensors exist, but do not meet needs. Several
efforts to improve this type of sensor underway at national labs and at sensor
manufacturers. Fundamental scientific understanding needed on surface
chemistry. Alternative technologies might also be looked at, but high risk (cost
and time) involved in pursuing other than ceramic NO, sensors. However, long
term, high-risk projects are appropriate for national labs and universities.
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PM and smoke

High

For CIDI only. Some variation in need expressed by different auto
manufacturers. Need to look at in many dimensionsincluding size and chemical
properties. Minimum performance requirements need to be set. No commercial

sensors exist for on-board measurement. It may be possible to further develop
existing technology, but not likely. Collaborations involving national labs,
universities, OEMs, and auto manufacturers needed.

Wide-range Medium | Wide-range oxygen sensors exist but do not meet the cost constraints. Want a
oxygen broadband response and not a switch, i.e. a proportional sensor. Need better
sensor start-up algorithms, but need requirements specified by the systems
people. Control strategies have to be developed for non-stoichiometry which
utilize the fact that if you go lean you need a proportional sensor. Need dialogue
between system and hardware people. Efforts should be directed at
manufacturing cost reduction and robustness. Partnerships between national
labs, sensor manufacturers, and auto manufacturers are needed.

Ammonia Medium | For CIDI only and only if use urea SCR. Cannot have ammoniadlip after
catalyst. No sensor currently exists which meets the needs. No consensus to put
alot of resources into development of this sensor.

Hydrocarbons Medium | No sensor available commercially which meets needs. Several efforts underway
at national labs. No pressing need to initiate new efforts as long as current
development work continues. However, need exists for more basic research and
engineering of devices.

EGR Medium | Current sensors exist for measuring EGR flow. Any additional needs are very
system/strategy dependent.

Time-resolved Medium | Includes measurement of combustion parameters, misfire, and in-cylinder

exhaust pressure. Some sensors exist. Additional needs are very system dependent.

temperature

Mass air flow Medium | Sensorsexist. Additional needs are very system dependent.

High Medium | Good sensors really do not exist but requirements are system dependent. Need

performance instantaneous torque.

torque

Fuel composition | Low Little interest in sensors for fuel composition or volatility.

Carbon Low Only needed for fud cells, not much for CIDI/SIDI.

monoxide

Sulfur contentin | Low No need seen for sensors. R& D need is how to get sulfur out.

fuel

It was noted that there are suppliers developing in-cylinder pressure sensors and torque
sensors and that both of these are very system/strategy dependent. However, the group
expressed no interest in developing an in-cylinder pressure sensor. In addition, a better
resolution crankshaft position sensor was discussed, with limited interest.

While many of the sensors identified above currently exist for defined applications, it is
the consensus that there are no sensors available that fall into the highest need category
and meet the combination of specifications required by the automotive industry. These
specifications include operation in very harsh environments, high sensitivity and
selectivity, long lifetime, low/no maintenance, high stability, and low cost, among others.
For PM sensors noted deficiencies are: durability, operation at high temperature, cost,
and the tendency of window to foul. NO, sensors currently exist, but they are too
complex and costly. Basic understanding of surface chemistry is needed. One particular
theme which appeared to run through much of the discussion in the CIDI/SIDI session
was that sensors need to be developed for specific systems, not generic operation, due to
differences in manufacturers measurement strategies.
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Overview of the DOE Fuel Cells for Transportation Program-JoAnn
Milliken (DOE)

Overview of the DOE CIDI Engine Program-Ken Howden (DOE)
Overview of the DOE SIDI Engine Program-Rogelio Sullivan (DOE)

Future Emissions Regulations-Thomas Cackette (California Air Resources
Board)

Break

Technical Overview-State of Development of PEM Fuel Cells-Doug
Wheeler (International Fuel Cells)

Technical Overview-State of Development of CIDI Engines-Richard
Belaire (Ford)

Sensors Overview-Joseph Stetter (Illinois Institute of Technology)
Lunch

Parallel Breakout Work Sessions

Work Group 1: CIDI/SIDI engine sensors

Work Group 2: Fuel Cell and Reformer Sensors

A panel will be formed to technically coordinate the discussions. The
panel will consist of one member representative from each of the
following: national labs, universities, sensor manufacturers (or sensor
researcher from automobile companies), CIDI engine/SIDI engine
developers/emission controls (or PEM fuel cell/ fuel reformer
developers).

Each member of the panel will be given 15 minutes for a introductory
overview technical talk outlining work underway (the national labs and
university people will cover the breadth of work in these two areas),



3:00-3:20

3:20-5:00

6:00

7:00

concentrating on the technical issues to set the stage for the following
brainstorming sessions.

Groups work to: (1) identify the requirements for sensors; (2) set R&D
priorities; (3) identify the technical targets and technical barriers, and, (4)
formulate R&D plans

A facilitator will be assigned to each group.

Break

Continue Discussions

No Host Reception

Dinner with speaker (TBD)

Day 2 (January 26, 2000)

7:00-8:00
8:00-8:05

8:05-10:00

10:00-10:20

10:20-11:30

11:30-12:30

12:30

Continental Breakfast

(Group) Chairperson’s welcome back and charge to groups

Continue Breakout Work Sessions

Work Group 1: CIDI/SIDI engine sensors

Work Group 2: Fuel Cell sensors

Same panels and facilitators for the two groups as Tuesday. Groups
continue on with discussions started yesterday. In the latter half of this
session groups will focus on evaluating resources needed for success.
Break

Continue Discussions in Breakout Work Groups

Groups will focus on outlining the mechanisms for collaborations in R&D
and sensor testing at automobile companies and fuel cell developers with
possibility of pre-competitive sharing of data.

Reconvene as group and report out

Spokesperson from each group will report on prioritized R&D list,
technical targets and barriers, R&D plans, collaborative plans, and ideas on

how sensor data can be shared.

Adjourn/Discussion of next steps and workshop products/lunch
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DOE Sensor Workshop @

CH Conrbarstion and Lotission Control Reodd

Sensor Performance Requirements for
Compression-Ignition, Direct-Injection Engines

Kenneth C. Howden
Program Manager
Office of Advanced Automotive Technologies
Office of Transportation Technologies
Office of Energy Efficiency and Renewable Energy

Emission Control Technology Update @
‘ Overview ;

CIDT Combastion and Eorissiont Conbrol Re<1)

o PNGV CIDI Combustion / Emission Control Overview

« LEP/DOE National Laboratory CRADAs
- Lean NOx Catalysis
- Non-Thermal Plasma

o Emission Control Subsystem Cooperative Agreements
- Cummins / Engelhard

- Detroit Diesel / Johnson Matthey

« Response to proposed EPA Tier 2 Requirements

2/9/00



CIDI Program Technologies @

CHN Coambarstion aned Lotission

CIDI ENGINE EMISSION
TECHNOLOGY) + CONTROLS =
- c,,mbl:m NOx Particulates
improvements for - Lean-burn - Regenerative  Technologies
reduced emissions & catalysts PM Traps which enable 3X
improved fuel - ﬂNIOx Jl'raps J * Catalytic passenge; car fuel
- Non-tnerma econom near zero
Ryt U Plasma © Microwave s (0.01g/mi
Recirculation (EGR) - Selective Catalytic PM and 0.05 g/mi
- Reformulated Fuels Reduction ‘ NOx) and higher light
- Modeling ‘ truck fuel economy

Major Technical Barriers:
Particulate and NOx Goals (grams/mile) .
CIDE Cambustion qind Fotission Control RE<TY .

Volkswagen Volkswagen
8] a2t Particulates , | DI NOXx

Former 2
R&D Goal

PNGV
R&D Goal

Tier 2

I

® These goals are very difficult to achieve simultaneously
® Requires development of cleaner combustion, advanced
emission controls, and new fuel formulations

2/9/00



Combustion and Emission Control R&D
FY2000 Budget ($14.654M)

CHN Combarstion and Lorissiont Confrol Re0D

Sandia Livermore
Argonne
Ford

Emission
Control R&D

35% Oak Ridge

Pacific Northwest
Los Alamos
Lawrence Berkeley
Sandia Albuquerque

Common Requirements for Hydrocarbon
and NO, Sensors

CIDE Comhistion and Forission Control REGD

Minimum Concentration Sensitivity and Range 5 PPM  0-2000 PPMC;  0-1000 PPM

Nitrogen Oxide

Accuracy and Resolution On the order of minimum sensitivity

Production Sample Performance Variability No post-production calibration for sensor or control
unit.

Physical Parameters Size, weight, power consumption, and voltage of
O, sensor

Transient responsa / power-on stabilization 1 second

Cross Sensitivity Immune to O; CO H; H0

Deactivation Insensitive to fuel and oil additives and impurities

Flow and Pressure Variation Sensitivity Qutput signal independent of ambient air flow and
pressure

Temperature Endurance and Linearity Must withstand temperature range of — 40 to
+1000 C with linearity within minimum sensitivity

Characteristic Life 10 years or 120,000 miles

Cost . $10 to $20 per unit in mass production ( 1 million /
year)

2/9/00



LEP Lean NOx Catalyst Program
Activity of New LANL Formulation

* More aggressive NOx standard Effects of Hydrocarbon Reductant
proposed to be 0.05 g/mi - requires |, 100
90-95% NOXx conversion over FTP UL \\ -7A

» Newly discovered formulation has 4 [ MY AL, Sl 7. PR
generated industry interest P \ \ 1 =
¢ Over 90% conversion over large é 60 L ) 1 60 "5
temperature window under ideal test z E SN ~J ¢
conditions C a0 =7 Tt 1%, 3
¢ Intellectual property issues being i—' ' B ».7/ %
addressed to accelerate technology 20 i o 2k 20
transfer. /" 1

¢ OEMSs performing additional o bl o
evaluations to validate performance 100 200 300 400 500 600

Catalyst Temperaturd ¢

CIDT Combustion aud Foeission Control Re<D

Full-scale, two-stage plasma catalyst
system tested in simulated and . f

actual CIDI exhaust stream /‘“\
» Achieved NOx conversion of 70% E - F /\

during extended periods with 50  *#

ppm SOz lab gas mixture and- Tt e I
propylene reductant e
Temparature "C
« Achieved 45% NOx conversion in E i
VW TDI exhaust stream with § = F
reductant during ORNL testing g »f —— % conversion (CLA) I 3
2 —— % Conversion (FTIR)

- |

HC/NOx Ratio (in)

Non-Thermal Plasma for NOx Reduction @
LEP CRADA Program

2/9/00



New Industry CIDI Emission Control
Subsystem Cooperative Agreements

CIDE Combastion and Eorissdon Conliol Rev)

« NRC review of CIDI program recommended greater
industry involvement

o Two Emission Control Subsystem contractor teams
selected from competitive solicitation:

- Cummins Engine Company - Engelhard.
- Detroit Diesel Corporation - Johnson Matthey

o Awards made in September 1999 for 2 1/2 year efforts
(later extended to 3 years due to funding shortfall)

Emission control subsystems will be scalable
from PNGYV to Light Truck applications

Emission Control Subsystem Projects: @

_ Performance Goals

CIDT Copvistion amd Fragission Conlral RE<)

Deliverables: .
» Complete Emission Control Subsystems for PNGV / LDT engines in Sep ‘02.

* Final report documenting design with engine-and tailpipe-out exhaust gas
speciation over FTP.

Cummins DDC
Tailpipe NOx 0.20 g/mi 0.14 g/mi
Tailpipe PM 0.018 g/mi 0.02 g/mi
Emission Control Cost $4.50/ kW
Durability > 4250 hrs
Volume < 20 liters
Weight <16 kg

NOXx goals are less than or equal to PNGV 2004 target. All other goals are
intermediate values between PNGV-established 2000 and 2004 targets.

2/9/00



Cummins Engine Company @
Technical Approach

e Several parallel prototype hardware combinations for
reducing NO, and PM to be developed with Engelhard

selective catalytic reduction (SCR) with urea
plasma-assisted catalyst

lean NO, catalyst

adsorber catalyst using intermittent rich conditions

« Each system to include a microwave-regenerated
catalyzed soot filter for PM

o Engine system-level demonstrations on PNGV Ford DIATA
1.3 liter (hardware deliverables) and Cummins/DOE Light
Truck 4-liter V6

Detroit Diesel Corporation @
Technical Approach

CIDE Comtbrustion aud Forissione Conlvol RN

« Verification on DDC/Chrysler 1.46 liter, 3-cylinder, 55kW
PNGV hybrid engine (hardware deliverable)

o Scaled to demonstrate on DDC 4.0 Liter V6 developed
under DOE OHVT Light Truck Engine program (hardware
deliverable)

o Venhicle level demonstration on two PNGV Neons and one
Durango SUV

« Johnson Matthey using three NO, reduction approaches -
Selective Catalytic Reduction (Urea SCR), NO, catalyst
and lean NO, trap

» Johnson Matthey Continuously Regenerating Trap for PM
reduction

2/9/00



Target Areas for Possible @
FY2001 Budget Increase

CID Combustion amd Forission Control R

o Accelerate Advanced Emission Control Subsystems R&D with
DDC.& Cummins towards meeting ultimate Tier 2 standards

s Increase LEP/DOE national laboratory efforts to resolve high risk
barriers associated with SCR, LANL NOx catalyst and Non-
thermal plasma

o Initiate sensor technology efforts with LEP, national laboratories
and major suppliers

e Accelerate Sandia optical access engine and EGR research,
Argonne fuel injection X-ray measurements, and Qak Ridge
engine-based emission control system analysis

CIDI Program Accelerated and Focussed in @
Response to Proposed Tier 2 Regulation

I Combastion aned Fotission Condrol RE&GD

« Initiated cooperative R&D agreements with diesel engine
manufacturers and their catalyst suppliers

¢ Coordinated light- and heavy-duty programs to leverage
resources

« Integrating advanced petroleum-based fuels program with
combustion and emission control program

2/9/00
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Presentation Outline .

e SIDI R&D program overview

* Sensor for SIDI engines

SIDI R&D Program 1

———

¢ FY 1999 new start
- $7 M FY 2000 appropriation

— Coordination through USCAR’s Low Emission Partnership '
(LEP)

¢ Objectives

— Conduct research to enable SIDI systems
— Supporting technology development for emission control

¢ Four program thrusts
- Emission sensor development (LEP CRADASs)
Fundamental combustion & modeling (Sandia & Universities)
Engine and component research (ORNL, ANL)
Component development (Delphi)
Crosscutting activities !




Development

Exhaust Gas Sensor .

e Cooperative R&D Agreement (CRADA) with Low
Emission Partnership (LEP) under USCAR
* Cost shared cooperative sensor R&D
* DOE lab participants:
— Los Alamos National Laboratory
— Sandia National Laboratory
Lawrence Livermore National Laboratory
- Argonne National Laboratory

* OEMs perform test and evaluation of sensors
developed at the labs

» Two labs will continue through FY 2001

Sandia National Lab ‘

« SIDI stratified charge experiments
- $425K, Ongoing

* Objective: Better understanding of SIDI stratified charge
combustion; optimization of combustion stability, emissions,
fuel economy

» Approach: Experimentation using an optically accessible
engine ( color video, LII, LIF,
— Observe: spray motion, wall wetting, vapor distribution,
flame propagation; measure:HC, soot, NOx
— Kiva modeling and 1-d simulations

e Qutcome: Quantitative observations of in-cylinder
processes; emphasis on measurements that can be

generalized o other engine geometries




Oak Ridge National Lab .

* Study of injector and combustion chamber deposit
formation in SIDI engines ($300k)

¢ Goal: Define and quantify mechanisms and chemistry of -
deposit accumulation and adhesion

* Approach: Experiments and measurements using
Mitsubishi GDI
— Adhesion
— Chemical composition, physical structure
— Injection variables
— Fuel composition, additive effects

* Outcome: Reduction in deposit buildup through fuels,
coatings; operating conditions, other effects

Computer Modeling to Support .
—GDI Engine Research (LANL)

* Provide 3-D CFD modeling support to research and production
GDI engines being tested at Sandia National Laboratories -
Livermore.

— Interpret experimental data
— Understand fuel/air mixture preparation
— Improve computer submodels

¢ Extend and apply KIVA-3V to perform full-engine-cycle
simulations. Use next-generation code CHAD when full-cycle-
simulation capability available in CHAD.

¢ Provide extended models to LEP/USCAR members.




Delphi Energy and .

Engine Management

¢ SIDI injection and fuel system development satisfying
ULEV ‘
* Goal: Develop a non-impingement SIDI injection and low

pressure fuel system
— $4.6M, 30 months 50% cost shared

» Approach: Jet stratified late injection, unthrottled
operation,
~ Single fuel pump, low pressure/low cost fuel systm, high
efficiency atomizer
- CFD, motoring optical engine tests, firing single-cylinder engine
tests, multi-cylinder tests

 Risks: Injector fouling, good spray formation at low

* Qutcome: A lower cost SIDI injection and fuel system

SIDI Uniyversity Grants ‘

/SIDI mixture formation, emissions sources, mdh

composition effects

~ Roa Matthews and Matt Hall

University of Texas, Austin
Direct-injection, spark-ignition engine combustion
=~ Dom Santavicea,
Penn State University
*  Mixture preparation and nitric oxide formation in a
GDI engine studied by combined laser diagnostics

and numerical modeling
- Volker Sick and Dennis Assanis, University of
Michigan
¢ Hydrocarbon formation mechanisms in DI engines Grants are for
= Jaal B. Ghandl approximately

$100,000 per year for

University of Wisconsin - Madison
\ ' / three years




Crosscutting Activities

* PM Comparative Toxicity - National Renewable
Energy Laboratory, Lovelace Respiratory Research
Institute (LRRI), Southwest Research Institute

* Objectives: Analyze the comparative toxicity of CI
and SI PM |

e Approach:

— Collect PM from SI and CI vehicles: from
Baltimore tunnel and dynamometer tests
— “Blind” samples will be sent to LRRI for

— In vitro (cell culture), in vivo (animal), standard

mutagenicity tests

FY 2000 SIDI Projects .
_____________ Project Lab/Contractor [F——————————————————1.
Engine R&D
SIDI side injection SNL/CA
University comb. R&D SNL/CA, Univ.
SIDI central injection SNL/CA
PM diagnostic SNU/CA
SIDI medeling LANL
Injector deposit study ORNL
Near frictioniess coatings ANL
Fuel spray studies ANL
NOx Sensor davelopm ent LLNL
02 Sensor development LANL
PM toxicity study LARVSWHI
NOx catalyst evaluation CRC, MECA
Component development
Non-mpingement DI sys Delphl E
Active flow control Mich State
USCAR LEP CRADAs
Advanced in-car sensing ANL
Exhaust gas sensors LANL
" = LLNL
SNUNM
HQ Asssssments HQ
Technical support Qss
10




Basic Sensors for Fuel Mixture and Engine
Management for Port Fuel Injected Si

Engines
L EXHAUST
*Oxygen sensor
INTAKE IGNITION
sair temperature intake o) *knocking
eair mass flow scrank angle
sthrottle valve setting *top dead center
sintake manifold pressure e

©

Sensor Variables

¢ Performance * Physical
— Accuracy - Size, weight
~ Sensitivity — Env. Compatibility
— Selectivity e Cost
- Cross sensitivity .
- Poisoning e Life

-~ Response time
-~ Power consumption, signal

strength




Future Sensor Requirements Needed to
Achieve Reduced S| Emissions

¢ Control of Air/Fuel Mixture Requires:

— measurement of A/F ratio for each combustion event
fast response
misfire detection

Sensor types: 02, NOx, CO, HC, as well as exhaust flow and
catalyst temperature

I

I

¢ Ignition Timing Requires:

— Rapid pressure measurement during combustion wull enable the
following information to be gained:

 crank angle position of peak pressure
¢ knocking at cylinder of origin

* Integration of these two sensors would enable cylinder-specific
regulation

Future Signal Processing and Control

e Signal Processing Requirements
- Speed
— Reduced sensitivity to measurement noise
— Better use of information, predictive algorithms
- Recent algorithm improvements have enabled tighter
control of A/F mixtures using existing oxygen sensors
(SAE 980425)
« Control Systems Requirements
— Improved control/precision of fuel-air delivery

- HC emissions are reduced by fuel atomization to
improve open loop combustion at cold start




Exhaust Flow Sensors and Temperature
Sensors are Being Studied to Augment the

Oxygen Sensor Control

Exhaust flow measurement
is necessary to correlate

the sensor response to the ECU
feedback control

Temperature measurement
of the catalyst is needed to
‘adjust A/F delivery to

optimize catalyst
performance ENGINE Temperature | | o, cen
sensor sensor
v
JUUU CATALYTIC
CONVERTER
EXHAUST UEGO
MANIFOLD sensor Exhaust flow
sensor

SIDI Sensor Need: NOx .

e o e e e e e e e e e B e e S T T

SIDI engines operate in the lean-burn regime.
As a result they require NOx adsorber-type
aftertreatment. Adsorber technology may
have the foremost need for a NOx sensor

— Control of NOx adsorber regeneration
requires NOx sensor -

— Control of NOx adsorber desulfurization
may require SO, sensor




Sensor Need: Hydrocarbon and PM .

e o e e e e . S

* Monitoring HC is necessary for careful control
during regeneration of absorber

* Higher PM emissions may require careful
control of fuel delivery

* PM or HC sensors may also have application
in closed-loop EGR control in SIDI (or CIDI)
engines

~,

Existing Sensor Types and Principles
of Operation

¢ Electrochemical Solid
State Sensors

— NOx sensors
- Oxygen sensors
* Piezoelectric Caeramic
Sensors
- Manifold air pressure
e Thermistor Sensors
— Temperature




Future Trends and Sensors: SIDI
Engines

e SIDI engines
represent one
promising path to
improved fuel
economy

 The SIDI engine will
benefit from new
sensor technology

10
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INTERNATIONAL FUEL CELLS

State of Development of
PEM Fuel Cells

Presented to:

The DOE Sensors for Fuel Cells
and
CIDV/SIDI Engines Workshop

By:

Douglas Wheeler
January 25, 2000

International Fuel Cells
T

Overview | | |

* PEM Fuel Cell for Transportation Applications

* PEM Fuel Cell for Stationary Power Generation

¢ PEM Fuel Cell for Portable Power Applications

* International Fuel Cells
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Overview

_

PEM Fuel Cell for Transportation Applications
* Replace ICE Power Source and APU

* Primary Characteristics for Both Applications
+ — High Efficiency
— Low Level Pollution: Near Zero Emissions
- Range compatible with gasoline fueled ICE

— Potential for Multiple Fuel Applications: gasoline, methanol,
hydrogen

International Fuel Cells
ot oo o

Transportation Development Programs
APU Program - BMW |

* S5kW H, - Air
* Power Plant

» Auxillary Power Unit
(APU)

« 7 Series Vehicle

* International Fuel Cells

L S




Ballard NECAR

Source. |84 TOKTO AUTD SHOW

e Ed

% International Fusl Calis
T —

7 kW NET
HYDROGEN APU

l—%"/'e. Internatlonal Fuel Cells




Overview

PEM Fuel Cell for Stationary Power Generation
* Residential Applications: 5kW to 15 kW

e Commercial Applications: 50 kW to 1MW
* Primary Characteristics

- High Reliability, High Efficiency, Ultra-Low Emissions,
Multi-Fuel Capability

Internatienal Fuel Calis
T

r—1—

Stationacy, Bowst Rlants... ...

SOUTH COAST AIR QUALITY

. 200

e & ¥ B 8

NEEER
- 8 3 B £ 8

Mormrna

Ll “SCAQMD §TO MLl 11108
(GAT B LIOUID PUEL 1O QEMERA TOGS)

IFC

Plug Power

% [nternational Fuel Cells
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Overview
“

PEM Fuel Cell for Portable Power Applications
* Extended Life
* Rechargeable Fuel (Mechanically or Reversible)
* High Power Output

* Auxiliary Power
— 5W to 1kW range

International Fuel Colls
e

Soldier Cooling Power Module

Z [nternational Fuel Cells

Torars e 1 | oy




PEM Fuel Cell Types
T e O A T e i G e e P e S|

Pressurized vs. Atmospheric PEM

e Water Removal Concepts

— Pressurized Fuel Cells: Removal of Water through
Evaporation

- Pressurized Fuel Cells: Removal of Water tfirough
Entrainment

— Atmospheric Pressure: Removal of Water into Coolant

Internatienal Fuel Celis
T S C—

Pressurized Systems

Source WTTP W VAL COM

Vairex Integrated
S e Compressor/Expander

Ballard Stack

International Fuel Cells

T | e |




Vairex System Concept

Comgumy

ﬁ Internatienal Fuel Colis
e

Pressurized and Atmospheric Power Plants

¢ Power Plant Efficiency
¢ Choice of compressor
» Efficiency Controls
* Peak Power Design
e 50 kW Plant: Compressor for Peak Power

* Partial Power
— Compressor Efficiency Loss: Turn Down Issue

z International Fuel Cells
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Ambient vs. Pressurized Systems

International Fusl Calls
T

To%
\ T rn-lumnl-ln
s e e e i NC-C
—
- — Advantage of
I VA e S —— || Ambient PEM Technology
i = _
R S e 3 * Higher fuel mileage
ig " { L1 | ™ haers * Lower complexity
@ §- I f'l Pressrmd et (1 ieam ||ttt
i; w1 ] e  Lower weight
& | ] ' * Smaller
38| w17 * Better transient
¥ 1wt response
1 2w Leads to lower cost and
better performance
z“ﬂ". 10% 0% 10% 0% % 0% ToN % 0% 100%
o e e

~ International Fuel Cells
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Cell Stack Assembly

e Major Components
e Membrane
Electrode
BiPolar Plates
End Plates
* Design Issues
* Pressurized

Atmospheric

Internal vs. External
Manifolds

Seals

International Fuel Calls
e

by

Source UB, PATENT 1840438

IFC

Ballard

Cell

Technical Issue

¢ Life Targets
- 5,000 hrs. Transportation
— 50,000 hrs. Stationary

SERIES 200 ENDURANCE DATA

e ST

.
i i Seniie . nagy - ..104.‘"1('.__; — § L]

o .

. . -

B oo seanasnmiesssliiirmnmnbobdaniismminsssnaennnenss sshnbtint S RREHIARI ST RSE S PR E
°
:
o

0 1x - 3

Life Time Goal

~ Internatlonal Fuel Cells
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PEM Fuel Cells

Fuel Processing

e e i

* Fuel Processing Issues:
¢ Hydrogen / Air
— Technical Issue: Hydrogen Storage

 Reformed Carbonaceous Fuel / Air

— Technical Issue: Poisons
« _arbon Monoxide, Sulfur, Ammonia
— Direct Methanol / Air

+ Technical Issue: Anode Catalyst and transport of Methanol
through membrane

ﬁ International Fusl Caills
N

Fuel Processor Components

EXP A

Desulfurizer

Fuel Reformer

e ATR/POX

* CSR

Shift

* Low Temperature
PROX/Sox

% International Fuel Cells

fprrpere——————
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Fuel Processor
Desulfurizer

_

¢ Technical Issues
e Sulfur Free Fuel
* <0.05 ppm S

e Stationary
* Hydrodesulfurizer

e Commercial

¢ Transportation

¢ Technology
Breakthrough Needed

*California Reformulated Phase [1 Gasoline

% Internatienal Fuel Calls
ilrss ohretepes Comeme

A rena Tochnetoges
L=

Fuel Processor
Shift B |

e Advanced Catalyst

* Today: Cu/Zn - Over 2 million commercial hours in
fuel cell applications

¢ Future: Precious Metal Catalyst (ANL)

* Technical Issue
¢ Size and volume of Cu/Zn based shift
* High carbon monoxide
- 1% CO
¢ Thermal Balance
- Heat Exchangers

% International Fuel Cells




Fuel Processor

Reformer
s S A G S AT s s e U B R e T s e i TS N |

e ATR/POX

¢ Transportation & Stationary
— Rapid Start-Up
— High Carbon Monoxide
'— Ammonia Formation

e CSR

¢ Stationary & Fleet
- Slow Start-Up
- Weight / Volume / Cost

Scurce. 1908 AMNUAL PROGALSS REPONT EMEAGY COMSGAVATION TRAM. PAGE 19

EPYX Model B

Compamy

% International Fuel Calls
(Ut Tecorasbges Compam

Fuel Processor
PROX/SOX

SN ALl = VELb G et v skt

Sy

Ry

e Technical Issues

* Transient Response * Ammonia
* Residual CO » (Catalyst Stability
-~ Need <10 ppm

€O + 120, -» CO,

Exit |20
co |15
PPM Goal (10 ppm)
10 == iin 'g' -----------------------------
5 oo o
0 - P P, 000 poo o o
0 200 400 600 800 1000 1200

Run time - Hours

z |nternatlonal Fuel Cells

T | ime vt




Conclusions/Status
| s s S 7 v D R e T s B = e U AT

* PEM Power Plants
— Subsystems Approach Performance Levels for Transportation
— Subsystems Approach Performance Levels for Stationary
— Component Technology Issues:
* Cost
* Power Density
¢ Durability

% Internatienal Fusl Calls
Tirwed et Comnaer

Technology Status
Series 300 Cell Stack Technology Program

Y ¥T]

50 kW Net
DC Electric Powe
~ 250V
(2 stacks)

. Spent
Gasoline
Reformate 46%:H
32%N
22% GO
10-50 ppm CO -

Heat Product
Water

Z International Fuel Cells
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State Of Development — CIDI Engines

DOE Sensors Workshop
January 25-26, 2000

Rich Belaire
Ford Motor Company

K Sz DOE Sensors Workshop

Why Are We Interested In CIDI Engines ?

D.I Diesel, Heavy-Duty, |
Turbocompound

Direct Hydrogen Fuel Cell |
D.l. Diesel, Heavy Duty
H.S.D.L Diesel

1.D.I Diesel

D.1.S., Lean Stratifled
D.I1.S.l, Lean Homogeneous

D.L.S.1, Stoichiometric

S.l, Port Injected, [T
Stoichiometric
Gas Turbine | SESSSENNSN.

1 T T T T f
20 25 30 35 40 45 50 55

Best Thermal Efficiency (%)

Sensorsl

@ DOE Sensors Workshop




Emerging HSDI Engine Features

‘ Advantage Over [Current
Engine “Current” | Emerging NOx PM Power | Fuel
Feature CIDI CIDI Emiss. Emiss. NVH Density Econ
Combustion Two Four
System Valve Valve . . . .
Fuel Injection Rotary Common
System Pump Rail - . . . . .
Aftertreatment Oxidation | Lean NOx . S
Catalyst Catalyst
. Variable
Boosting System -I;-L’;L?)gg?regg Geometry . . . .
Turbo
Actuators Pneumatic | Electric . . |
- |
Base Structure (éaSAt IIlIr?ln Aluminum . i

Scnsors|

DOE Sensors Workshop

Fuel Reformulation Design Parameters NOx Control
- Lower Sulfur - Cyl Head Layout - Lean NOx Cats
- Lower Aromatics - Cam Events - Non-Thermal
Oxygenates - Intake Ports Plasma
- DME, DMM - Compression ratio PM Control
- w/conv fuel - Piston Bowl - Oxy Catalysts
Fuel Inj Equip - PM Filters
Fuel Additives - Common Rail - Thermal Oxidation
- Cetane Improvers - Unit Injectors - Non-Thermal
Dual Fuel - Rate Shaping Plasma
- Split Injection NVH Refinement
- Piezo Systems
------------------ Strategy - ---<=-=-=-=--ccc--
Turbocharging EGR Sensors
L
@ Ref : SAE 981914 DOE Sensors Workshop




Tools Employed To Improve In-Cylinder Performance

Cylinder
. Pressure
Measurement

Injection Rate
Measurement

SwirliFlow
Measurement

Sensors] From FEW

@ DOE Sensors Workshop

Light-Duty Diesel vs. Light-Duty Gasoline Vehicles

Environmental Benefits

® Up to 35% increase in fuel economy

® Greater than 15% decrease in CO, emissions
® Greater than 20% decrease in GHG emissions
® Very low CO and HC emissions
Environmental Concerns

® Order of magnitude greater PM emissions

® 2X increase in NO, emissions

Sensors|

@ DOE Sensors Workshop




Trend Towards Higher-Speed Diesel Engines

Customer Benefits

® Improved Driveability

® Higher Power Output for a Given Peak BMEP
® Improved Fuel Economy, Lower Emissions
Enabling Technologies |

® 4-Valves Per Cylinder

® Direct Injection

® High Pressure Fuel Injection Equipment

® Turbocharging, Intercooling

® Light Weight Materials, Balance Mechanisms

Sensors|

@ DOE Sensors Workshop

Example 1 : V8 BMW Diesel

Features :

3.9 L Displacement

180 kW (245 bhp) @ 4000 RPM

560 Nm (413 ft-1b) @ 1800 RPM
4-Valves/cylinder, DOHC layout

DI, High-pressure (1350 bar), dual common rail
Dual VNT turbochargers, electronic control
Dual air/air intercoolers

Controlled, cooled EGR

[ron block incorporating vermicular graphité

Semsont|

@ DOE Sensors Workshop
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Example 2 : I3 VW Lupo Diesel

Features :

® |.2 L Displacement

® 45 kW (61 bhp) @ 4000 RPM

® 140 Nm (103 ft-1b) @ 1800 RPM

® 2-Valves/cylinder, SOHC roller-rocker layout

® Single VNT turbocharger '

® (Cam-actuated DI unit injectors w/electronic control
® Single air/air intercooler

® Cooled EGR

@

Aluminum cylinder head and block

( DOE Sensors Workshop

CIDI Power Density (kW/¢)

State-of-the-Art |
.| DI Diesel Engines | .4

Spec. Power Output kW/ |
(%]
o

1 OENJ 20;:)0 30;'.}0 4060 5000
Engine speed (rpm)

@ DOE Sensors Workshop




4-Valves Per Cylinder Architecture

Allows Central Injector Location

=» Promotes Symmetric Fuel Distribution

Higher Volumetric Efficiency

=» Supports High Excess Air Needs of Diesel
More Flexibility in Trade-off Between Swirl and Airflow

< Combustion System Optimization For Fuel, Emissions

Reduces Valvetrain Mass

=» Possible NVH and Valvetrain Stability Improvements

DOE Sensors Workshop

3.0
Tandem o
2.5 - )
o .
L 1 r o,
% {2v-DI-
= 4 5concept
L
[2]
[i}]
% 1.0 4
<
0.5
{ arrangement
0.0 T T T
0.08 0.10 0.12 0.14 0.16
Flow coefficient «
Semsors! k From FEW

DOE Sensors Workshop




High Pressure Fuel Injection Equipment

® High Injection Pressure at Low Engine Speed
=» Small Fuel Quantities w/Excellent Atomization
® Higher Fuel Delivery Rates at Higher Engine Speed
=» Fuel-Derived Energy To Promote Diffusion Burning
® PM and NOx Emissions Control |
=» Injection Rate Shaping Matched To Engine Speed/Load
® NVH Management
=» Rate Shaping To Control Rate Of Pressure Rise
® Can Support V6 and V8 Designs
=>» Hardware and Software Speeds Increasing

@ DOE Sensors Workshop

@ DOE Sensors Workshop




Fuel Injection Equipment (FIE)

Desirable Characteristics :
® High pressure over engine speed range
® Electronic control of pilot injection
® Timing
e Quantity of fuel injected
® Adjustable opening rate to control NOy emissions

Fast closing rate to minimize PM emissions

@ Electronic control of multiple injection pulses

e Combustion rate shaping

e Providing exhaust HC for lean NOy catalyst action
e Split injections

—

@ DOE Sensors Workshop

High Pressure Fuel Injection Equipment

Achieving low engine-out emissions requires :
e Fuel injectors with small diameter holes
e High pressure at the nozzle tip
Current advanced FIE development focused on :
e Cam-driven, electronically controlled unit injectors
e High pressure common rail

Intensifier fuel systems
Piezoelectric actuated systems
Injection rate control techniques

Variable orifice nozzles

Scnsons|

@ DOE Sensors Workshop




NOx - Particulate Trade-Off
0.10
0.08 Tierl  _ _ _ _ _________ Stagell
|
= European Stage |ll
£ 0.08 Injection Event Changes. Prototype with
=) & High EGR Rates Oxidation Cataly
= )00 ULEV| | _ StagelV |
30% Lean _ [ I
NOx Catalyst
0.02 . | I
Il Particulate I*Itar |
|
0.00 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
Tier Il Bins 1-3 ~ NOx(g/mi)
Sensors|

DOE Sensors Workshop

0,08
0.07 1 Inj. System  Power
] B Engine1 CRGen!  48kwWi
0,06 - ‘
A Engne2 VP44 51 KWA
— Euro 1l
E 005
2 0,04 -
s
o IWC: 1810 k
O‘Os‘lEuro v . A& 9
0,02 W WC 1470 kg
0.01 .
0,00 — 77—
0,0 0.1 0.2 0.3 04 05 0.6 07
HC + NQ,_ [g/km]
- From FEW
<D DOE Sensors Workshop




2 §5— NOx-PM Tradeoff Trends For HSDI TCI
Diesel with CR FIE - 2000 RPM / 2 bar BMEP
2.0 P =Std
. SOI - Std
E Ty O
ool S—{ B=t1d0%  EGR=+17%
E EGR = +35%
g ®
—1.0=—
p=
[al)
05 Lo
P = +200% EUERS (% P =+70%
0 _IEGR-=t+35%- T 5 g O - Advanced S
o | | | | | |
0 1 2 3 4 5 6
F— NOX (gm/kg fuel) | Source : AVL
@ DOE Sensors Workshop

Fuel Consumption Trade-Off

—
101% T |
| = = - Compression ratio = 14:1 |
100% _J‘ — = Compression ratio = 151 :77 ‘
— = Compression ratio = 18:1 | |
| | == Compression ratio = 17:1 |
99% ' ‘
| \
i Q =
| 98% {PFP 170
2] !
D gru o] |
T
sa% s i PFP 190
:VPFF 200
95% i
| | |
94% T T r T T
60% 70% 80% 90% 100% 110% 120% 130% 140% 150% 160%
NOx |
Sensorst Source : AVL
@ DOE Sensors Workshop




1 I T T T
0.501—| 2000 rpm g 14 —
- BMEP = 6.0 bar g os
é i 08 /
2 040 g
E) 04
2 3 /
- EURO IlI- Engines | w 02
S 0.30 =
A = 00
§ 170 180 4190 2000 210 220
"x.* 0.20— Y EURO IV- Engines v m“ml
;? - r""Ad\!anced
& 010 Common Rail
| Combustion
0.00-————— SN\ —— Process
0

4
Spec. NO,- Emission [ g/kWh]
f— From FEW

@ DOE Sensors Workshop

Broad NVH Comparisons

DI Diesel IDI Diesel
\ rad

State of the Art
Gasoling Engines

AN

Sound Pressure Level
(dBA)
w0
(=]

>

1000 2000 3000 4000 5000
Engine Speed (rpm)

Setisons |

@ DOE Sensors Workshop




Sensorsl

Cooling System 2 %,

Typical Base Engine Cost Breakdown

Miscellaneous 13 %

Covers 1% Fuel Injection

Systems 32 %
EGR System 5%

Valvetrain 8 % |

Cranktrain 12 %
Turbocharger 14 %

Cylinder Head 6 %
Cylinder Block 7 %

DOE Sensors Workshop




Particulates

g/km

Power Density (kW/)

+ Production cars
7/ ® New FIE applications
0.10 —— / O Compact car
~ Euro Il (1999)
'
L P
o ____t
Euro IV (2005) °  ~
I
f ' |
0 0.2 04 0.6 0.8 1
HC + NOx g/km
70 -
60 4 4V Diesel Gasoline PFI
Gasoline GDI .
50 A C il A a
LEAN- |
40 1 _ . | Diesel IDI/TCA
Diesel DITCA
30 ; . ;
70 80 90 100

CO2 Emission (%)

| REF: ENaInvE § ENVIRON W ERNT  COUF,

~2da AncTteord /DT 199=
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SoucE=AVL

- Single cylinder TCI research engine

Engine speed 1000 rpm, full load, const. BMEP
Low swirl combustion system

Constant SOl 2 deg crank BTDC

2.0

-
n

Soot - g/h

0.5
25

NOx - g/h

15

-
o

N\

\
\
<

low pressure
fuel system

/

/

high pressure
fuel system

Bowl and nozzle
configuration optimized
for each fuel system

80009

1.2

14

1.6

1.8 2.0 2.2 24

Inlet port swirl number

NOx-Emission

Figure 4: Effect of Charge Rotation an Soot and
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Sensor Substrate and Thin Film Preparationsl

Sensing fim A
‘ a1 A——
‘ Ly g Electrode Gap: 0.1 mm

Alumina substrate

[ 2

Casting Dip Coating

2) b) electrode with
hv - sensitive layer
H / contacts
waveguide l
= - quartz
silica plate {
polymer film “ l
C) d)
"active” thermocouples
\ sensitive sensitive

thin kapton
y foil
reference
thermocouples

University of Tiibingen
T Institute of Physical and Theoretical Chemistry J

Center of Interface Analysis and Sensors: W. Gopel

University of Tiibingen
T Institute of Physical and Theoretical Chemistry M

Center of Interface Analvsis and Sensors: W. Gopel

Calorimetric Transducer (Thermopiles)
Set-up:

Referemce junctions
fcold junctions)

Captoa floil

il . Semsor-active

Sensing junctions - "
(hot junctions) costing
4 Heat of sorption leads (o a pulse

Principle: »

of thermovoltage between inner
and ouler junclions:

4
4
R VY
Q »¢ Q — AT — AU
| Typical Results:

B Trchloromethane on|
T 400 Poivetherurethane
5
2 o7
a 1 £F
24
400 T ppm 8000 16000 24000| 24000
- T - - - O . - .-
000 12000 20000 28000 20000

b
30 40 490 S0 &0 700 TT0
1 |min] —>

Capacitance Sensor

Sensor-active

conling Interdigitated structure

(schematically)

Contacts

Socket

Measurement Principle and Equivalent Circuit:

Gas phase Repeating unit

Electrical field

| g | — Electrode
c{g; : L A\. Sensor-active

AC = f(A£ ,Ad_) Q75 B ;;:.l::r.ur

Typical Results:

4350 7

C IpFl __y
£

4799

4150 “fovm

—-— —-— — — -— — —-— -
400 300 1000 2000 4000 6000 2000 1000
12 180 140
t[min] —>

Calonmemw ransducer | Thermapilesi cosered with Polvetherurethane bix e ok @

Capacnance Sensor with Polsetherutethane coating ol Ao car dre



University of Tiibingen
UXT Institute of Physical and Theoretical Chemistry UXT

Center of Interface Analysis and Sensors: W. Gépel

...

Sensor with Quartz Microbalance
as Mass Sensitive Transducer

Set-up: 3 Sensitive Layer
- /)
Frequency - Quanz
counler Electrodes (Au)

. <> Af = Am
Sensing Mechanism and Equivalent Circuit:
b 4 4 <—— Molecules L

Coating

<
« G
Y YAY Y Y /Eleclrode !

Typical Result:

014

AT [Hz]l—>

40 :
Tetrachloroeihene on
Resorcin|4|-arene

S0 e [ m— g -

o0, PSS 000 2000

20 430 640
1 [min) —>»

University of Tiibingen
w Institute of Physical and Theoretical Chemistry %
Center of Interface Analysis and Sensors: W. Gépel

Juariz microbalance as mass sensinve transducer with Kesorin| 4 |-arene ol qmb ol are

o8
£33 a6
u':gn.‘l_g
2423
8555:8
550237
L L ’.
=

Beam
tpll7ﬁ
L

Laser,
*e—p
Len

Flber positioner.

Monochromaltor.

Sensor with SAW as Mass-sensitive Transducer

Set-up:

o - [ 1o =433 MHz
Trmsmm'n-IDT T Receiver-IDT Reflectors
Piezoelectric Substrate (Quanz)
Sensing Mechanism: Ao, 4

Molecules — > 4
Coating —> YYAY Y Y
Substrate —>
Typical Results: Af = Am

2400

[Gmhlomahau on Calinrmﬂ

Al el —»
g

1
] == — — ===
45 ppm 60 ppm 75 ppm 100 ppm 150 ppm

0 80 160 240 320 400 480 560
t [min] —>

1 "W evmar.Bulder und Folien Transducer Sensor with SAW as Mass Senunive Transducer dsf

g Electrode

Workin

T e e

S

Electrochemical Sensors
QO
GAS

Porous Membrane



Matinom Wire

Electrochemical Sensor

s, T

55" e—
2
] o,
H’D/§/
N\
o SENSOR STRUCTURE
£O + H,0 = CO, +2H + 20 1120, + 2H" + 26 = H,0 ‘
Cell Reaction: CO + 1/2 0, = CO, ‘ CH‘ \ 2[]2 ] nnz . 2“10 . An
AN - §,AT
V, - KICH]
a) I
%! o |
- o=y
D S S S
u cgr:d(:l%mw function $ m F ‘.(E
l | = AD/AD, -]-— M e 8
- = = O m _D
oY ©
N : L
aa 7 N
b) Z > 8 S
:) Al 5§82
> N a -
S2] 5232
OBl 2o
A c C
S 2| 256
i <K = 9 @
AD/AD, Peo/ Przo E E % 3 g)
Lo Q €59
§  wwp a 2 O
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Fuel Cells Session



A CRITICAL LOOK AT THE MATURING
DEVELOPMENT AND UTILIZATION OF OPTICAL
SENSOR TECHNOLOGIES

DOE Sponsored Workshop to Establish an R&D Agenda for Sensors for
Fuel Cells and CIDUSIDI Engines

Lawrence Livermore National Laboratory

January 25-26, 2000

Jacob Y. Wong, Panelist
Ton-Optics, Inc., Waltham, MA

A PARTIAL LIST OF IMPORTANT GAS DETECTION
METHODS

OPTICAL

* Non-Dispersive Infrared (NDIR)

* Laser diodes & Filter-On-Photo detectors
» Integrated Optics (I0) Interferometric Sensors

ELECTROCHEMICAL
METAL OXIDE SEMICONDUCTORS (Sn0,)

THICK FILM ZIRCONIA (Zr0,)
PELLISTORS (Catalytic Bead)

Ion Optics, Inc.




FUEL CELLS AND CIDI/SIDI ENGINES
SENSOR NEEDS

» FUEL CELLS

Carbon Monoxide I (After shift Reactor & before PROX)
* Carbon Monoxide II (After PROX)
Tetrahydrothiophene (Sulfur)?

» CIDI/SIDI Engines (ODEGA) .

« NOx

*  Particulate Matters (PM)
« HC

- CO

*  Ammonia (NH3)

« CO2

Ion Optics, Inc.

COMPARISON AMONG THE THREE MOST
IMPORTANT GAS SENSOR TECHNOLOGIES

NDIR Electrochemical Thick Film

; Zirconia
In Line? YES N O YES
Int;tfe_rcncc YES ?.-) YE S‘?
Rejection
Environmental
Survivability YES ” YES
Life

Excellent Average Excellent?
Ui et $25-150 $10-? $20 -?

Ion Optics, Inc.




A HISTORC LOOK AT NDIR GAS

SENSOR TECHNOLOGY
Pre-1990  Post-1990 Second

Generation

Overall - Adequate Very Good Excellent

Performance -

Stability Marginal Very Good Excellent -

Interference Adequate Very Good Very Good

Rejection

Environmental Marginal Marginal Very good

Survivability

Life Expectancy 3-5 Years 5-10 Years > 10 Years

Unit Cost $2-5K $015-10K $25-150
Ion Optics, Inc.

CURRENT STATUS OF NDIR GAS SENSOR
TECHNOLOGY

* Past First Generation Technology

* Overall Performance beginning to pull away
from other gas sensor technologies

* Uniquely suitable for Fuel Cells and
ODEGA utilization

* Very low unit cost (<$30) remains an issue
but will be adequately solved with Second

Generation Technology
Ion Optics, Inc.
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CIDI/SIDI Session
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GENERIC SENSOR SYSTEM

DOE SENSOR WORKSHOP
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Brage Golding

NSF Center for Sensor Materials
Michigan State University

University-based Sensor Research

Brage Golding
NSF Center for Sensor Materials
Michigan State University

Industry Funtion Pawertrain Alrflow

Vahicla Control  Exhaust
Safety,Comfort gas

University Department Chamistry

Universities  Resoarch NSF MRSEC, STC, ERC,

Canters DOE, pOD

-

-

Sensing and Diagnostics

Emarging sci and technologi

Air flow

Hydrocarbons

- semiconductor MIS
- molecular imprinting

Oxygen
Fuel distribution

&



Wall-Mounted Sensor for
Flow Rates and Cumulative Flow in Unsteady
Ducts

v oy

—
P

Flow rate oblained by;

+ fluid shear siress on a suspended Si pad with differential strain in
telher arms

+ instantaneous integrabon of Nawvier-Stokes equabons

2 of tnehy

aver el
+ accurate In unsteady flows
+ provides Now direction

Apphcatons:
+ an intake - IC engine (mass ar ow sensor)
+ exhaust gas retum (EGR) system

Principle of Catalytic Gate

Hydrocarbon Sensor
Efficient dehydrogenation of HC requires 1400°C
high temp: p => wide bandgap d
e o, 0,0 u,
Pt A w|
eatalythe AV

gate

onlde .-:M

= 0 Arf
[}

%M, -nfk

_J
o

Vultage (V)

|-V charactenstic of
Pt-thin ox:de-SiC diode
@ $00°C

Curreot (mA)

Pt back electrode

Schottky diode or capacitance structure:
clectncal polarization <> AV in device |-V or C-V
characteristics

Brage Golding
NSF Center for Sensor Materials
Michigan State University




Molecular Imprinting

Enhance the specificity and sensitivity of sensing layers
used in QCR and SAW devices.

Focus on hydrocarbon analytes.

(emissions, groundwaler contamination, exposure
monitors)

«Thin, rigid polymer films via templating

rz@‘é\?‘}‘ ultrathin (<20 nm) recognition layer

Inorganic chromophores for oxygen
sensing in extreme environments

MV\HK ) x

x— % Mo,Cl,,

Qemx xXeQ v (180 usec)

Advantages over traditional chromophores:
Thermally stable yellow complex,
(synthesized at >600 *C from a-MoCl,.)

Strong red-shifted luminescence, 100-200 pusec
lifetime; quenched by ‘0,

Fatigue-frea chromophore (no phatodegradation).

Compatible with chemically aggressive
anvironments, i.e. acidic media lo pH 1.

Brage Golding
NSF Center for Sensor Materials
Michigan State University




325 nm pump

750 nm
luminescence
Mo clusters
Polymer matrix :
high oxygen permeability
mechanical stability
environmental stability
good adhesion to fiber
optical clarity
CHy "CHg
NoClg
CHi—CaC—Si(CHy)y ——= n
Toluene, Na MS -]
PTMSP

*Synthaetic polymer with the highest O, permeability
*Oxygen selective

Membranes for gas and liquid separations, deep-uyv
photoresists, ...

Laser Induced Exciplex
Fluorescence Visualization

Tag the spray with a tracer that reports independent
information about liquid and vapor phases.

Space and lime resolution of fuel spray.

gas phase

g
g hv o hv
n,c"‘n — - ’c.\e
DMA

DMA

+ MG, hv

"% L e

Hyf liquid phase
t=15ps

TMN
exciplex

Brage Golding
NSF Center for Sensor Materials
Michigan State University
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Smoke Sensor for Diesel
Feedback Control -
Transient Response

St Actusd, Cashad Oemers I-luu-lh-h—l
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Smoke Sensor
DAIMLERCHRYSLER

Frank Zhao & Tom Asmus

Diesel Close-Loop Control
via

Smoke vs. EGR

1500 RPM
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Richard Soltis

Ford Motor Company

NO, Sensors: Diesel Applications

NO, Sensors

¢ HC injection NOx diesel treatment
- near-term — light trucks

e Urea-based NO, diesel treatment
— long term — SUV's

¢ Feedback Control

Sensors required:
< NO,
= Ammonia
= HC/UEGO 7?7

*

Diagnostics
- OBD required for diesels
HC/lean NO_ catalysts

¢ Uses:NO, sensors are needed for
- Feedback control
- Monitoring (OBD)

+ Applications
- Diesels
- Lean Burn
- Stoichiometric Control

NO, Sensors: Lean burn
Applications

¢ UEGO & Lean NO_ Trap (LNT) monitor
+ Control )
- LNT regeneration
~  LNT de-sulfurization
- Sensors required:
= NO, -
= sullur
¢ Diagnostics

~ LNT monitor using HEGO to measure O, storage
capacity of trap
- Indirect measurement

> Need NO_ sensor



Zircoma-based NO_ Sensor

Decomposing NOx into N; and O, In low O, partial pressure and
measuring the produced O, ( which Is proportional to NOx).

Oxygen pumped Oxygen further
infout (rich/lean) pumped out

Main Pump ' ’ ' Auxiliary Pump

Exhaust gas 0, —» somepgm 0, =+ 10%ppm

HC. CO, H; oxidation
an Pt electrode NO B 12N,+120,

1st cavity 2nd cavity

Measuring Pump

Oxygen pumped out =
Saturation pumping current
proportional to NOx concentration

Can simulimeousty Tuncionas £ senser

Planar Schematic (NGK Locke)

Second pumping
Furst aMuson 0ath elecroce!s) o . ‘\; (7 wecwosen
¥ ) - Second wieenai cavily
womv |- ¢ )
x > __/Z'OP
S peast A | :
177 2023
ST —1— 2071
] Y e Dl 2074
T = 202:¢

=T 102
- T Maasunng

- 00y | TN Mecirooe
] vmater et ) e B>
mn:J.ﬁ,. - i T Aetmeence
LS s A= eectiooe

¢ 3 cell design with diffusion barriers
¢ air reference

¢ % cell reduces O, pressure to constant
level

i tens of ppm

v NO does not dissociate
i NO, dissociates @ NO + QO,

¢ 2" cell uses Rh electrodes
n clfective 1o dissociate NO

¢ Use non-catalytic Au/Pt electrodes

NO_ Sensor

* & ¢ ¢ o

Cal

NO. NO- thermody namically unstable
large activation enerey 1o dissociate
mterlering gas (O<) removed in first eell
NO_ decomposed in second cell
liberated oxygen pumped out by second
cell
saturation pumping current proportional 1o
NO_ concentration
appropriate electrode catalyst selection
a1 eell non-cataly tic
A 20 eell cataly zes decomposition of NO)
ideally NOS Gives twiee signal ol NO for
same cnncﬁn!r;llmn

ibration Curves - NO

NGK Locke NO | Sensors

iu MO s )

o+ M) e wr
. vonsge < 1k iy

A IENG A
2

MO C e aton | pom

Concentrations up to 1000 ppm
Some sensor-lo-sensor variability

after S min. warm up. no drift in zero for up 1o 72 hours
continuous operation



[ssues

& Durability

i Drift

i Ageing etfects
¢ Sensitivity

i 10 ppm NO
A Small signal (~ 10nA/ppm)
= Packaging

= Electronics
¢ Selectivity
i NOvs. NO,
i Ammonia & HC interference
e Poisoning
i Soot, sulfur
¢ Response time (500 msec.)
i Monitoring vs. control
+ 3$33COSTSSS
i Complicated structure
i Electronics
i Calibration



